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ABSTRACT
EXPLORING THE LOCAL STRUCTURE OF AMORPHOUS POLYMERS BY
SOLID-STATE NMR
FEBRUARY 2002
MATTHEW G. DUNBAR, B.A., UNIVERSITY OF CALIFORNIA DAVIS
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Klaus Schmidt-Rohr
The conformational statistics of isotopically labeled amorphous atactic
polystyrene (aPS) and amorphous poly(ethylene terephthalate) (PET) were examined by
solid-state NMR. Double-quantum pulse sequences were used to select 13C
—
13C spin
pairs and correlate their chemical shift anisotropics, providing torsion angle information.
A trans:gauche ratio of 68:32 (±10%) was determined for 13CH2—CH(Ph)—13CH2
labeled segments in aPS while a cis:trans ratio of 60:40 was determined for 0= 13C
—
(Ph)— C=0 labeled segments in amorphous PET. The position and width (v|/ t = 185° ±
15°) of the trans peak in C2H(Ph)— 13CH2—13CH(Ph) labeled segments of aPS was
determined by correlating well defined 2H quadrupolar and 13C
—
13C dipolar interactions.
Auxiliary NMR experiments were performed on suitably labeled aPS to determine the
13CH2 chemical shift tensor orientations, the backbone bond angles (9a = 1 17° ± 3° and
0p = 1 14° ± 3°), and separate the
13C MAS signals of 13CH2 and 13CH(Ph) units. An
average angular amplitude of 5°-8° was determined for the backbone motion of aPS by
examining the C—2H motion in C2H(Ph)—CH2 labeled aPS by 2H NMR with *H
vi
decoupling. A distribution of motional amplitudes was determined for 13C=0 groups in
amorphous PET by CSA lineshape changes at different temperatures.
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CHAPTER I
STRUCTURE DETERMINATION OF AMORPHOUS POLYMERS BY SOLID-
STATE NMR
Introduction
The determination of the molecular microstructure in polymers has been an
interest of polymer scientists for many years. It is required for knowledge of structure-
property relationships, which allows polymer scientists to develop higher quality
polymers with tailored characteristics. A theoretical approach uses atomistic
simulations to predict polymer properties including gas permeabilities and glass
transition temperatures (Tg). But in order to obtain accurate predictions of specific
polymer properties, correct structural input parameters obtained experimentally are
required.
The three-dimensional polymer chain structure is defined by the configuration
and conformation distribution of the polymer molecule. Configuration and
conformation describe both crystalline and amorphous secondary structures of polymers.
The two words have sometimes been interchanged in the literature but have two distinct
meanings. 1 Configuration or tacticity, is the fixed spatial arrangement of the sidegroups
and can only be changed by breaking and reforming bonds. Conformation is a variable
spatial arrangement that can be interchanged by rotations around single bonds.2
Polymer configuration is fixed during polymerization and is determined by the
polymerization conditions (catalyst, temperature, solvent, etc.). On the other hand,
segments along a polymer backbone can rotate around bonds, changing local
conformations. Local conformations influence the overall conformation of the polymer
1
chain permitting it to exist as a random coil, as a helix, in a globular conformation, or
intermediate conformations between these extremes.
Historically, polymer conformations are determined experimentally using
scattering techniques or vibrational spectroscopy. X-ray and neutron scattering are
probably the best techniques to determine the molecular structure of macroscopically
oriented systems. This excludes the determination of conformations in amorphous
polymers since they do not have the degree of order necessary for coherent X-ray
diffraction. 3 In vibrational spectroscopy, the conformation-sensitive normal modes are
often delocalized over many repeat units, making quantitative results on amorphous
polymers difficult to obtain. For these reasons, the microstructure analysis of
amorphous materials has been a challenging area of study.
Theoretical descriptions of the conformation of amorphous polymers range from
a relatively simple single chain rotational isomeric states (RIS) model4 (intramolecular)
to complex molecular modeling that include intermolecular interactions. 5 '6 The results
obtained from the different theoretical studies including position, widths, and integral
intensities of the maxima in the torsion angle distribution drastically vary. Therefore,
experimental input is necessary to guide these theoretical efforts.
In the following work, we present the first experimental characterization of the
trans:gauche ratio in the backbone of atactic polystyrene (aPS) and the cis:trans ratio of
the terephthaloyl residue (0=C—Ph—C=0) in amorphous polyethylene terephthalate
(PET). Modern and novel solid-state Nuclear Magnetic Resonance (NMR) techniques7"
9 are used to experimentally determine polymer conformations and their distributions by
2
measuring relative orientation of next-neighbor segments in polymer chains. Suitable
isotopically labeling is required for each technique.
The joint probabilities of torsion angles around two neighboring bonds in
13 13CH2—CH(Ph)— CH2 labeled segments in aPS are examined by double-quantum
(DQ) NMR. 7 ' 10 The joint probability provides the single bond probability giving the
trans:gauche ratio of the aPS backbone. This technique requires relatively isolated11 13
isotopically labeled C pairs achieved by suitable isotopic labeling. The position and
width of the trans peak are examined using a different NMR technique that utilizes the
relative orientations ofC—2H and 13C— 13C bonds in C2H(Ph)— 13CH2— 13CH(Ph)
labeled aPS. Additional spectral and structural information was determined using
auxiliary NMR experiments. The effect of aPS backbone motion on DQ spectra was
determined by 2H NMR with *H decoupling. Also, accurate polystyrene backbone bond
angles are required to correctly simulate DQ spectra. Both backbone bond angles were
determined using 13C dipolar couplings in suitably labeled aPS polymers. In addition,
for the first time, the
13C MAS intensity of 13CH2 and 13CH(Ph) units were cleanly
separated utilizing the
13CH2 and 13CH(Ph) labeled aPS's.
Torsion angles and motion of
13
C-labeled terephthaloyl residues (0 13C-Ph- 13CO)
in amorphous and semi-crystalline PET have been measured using solid-state NMR.
The cis:trans ratio of the terephthaloyl residue (0
13
C-Ph- 13CO) is explored using the
13 *
same double-quantum experiment used on aPS. Motions of the C=0 groups in
amorphous PET are examined using lineshape analysis of ID powder patterns.
3
Polymer Conformation
The conformation of a polymer chain is defined by bond lengths, bond angles (0)
and dihedral or torsion angles (vj/) along the polymer backbone. 1 This is illustrated in
Figure 1.1 using n-butane since it is the simplest carbon based molecule having a C-C-
C-C torsion angle. Four consecutively bonded atoms connected by three bonds are
required for defining a torsion angle. The torsion angle describes the rotation about the
central bond with values ranging between 0° and 360°. If the four carbon atoms are
labeled CI, C2, C3, and C4 in order as shown in Figure 1.1, the torsion angle around C2
and C3 1 is the angle between the plane created by CI, C2, and C3 and the plane created
by C2, C3, and C4. When the two planes are parallel and CI is closest to C4, the
segment is in the cis state. A rotation of 1 80° from cis moves CI to the farthest distance
from C4 and is called trans state. In the cis state, the C 1 is closest to and eclipses the C4
giving it the most steric interactions and the largest potential energy of n-butane. 1
1
Trans, on the other hand, has the lowest potential energy in n-butane with CI the
farthest from and staggered with C4. Another low potential energy conformation in n-
butane is called gauche. Gauche has a staggered position like trans, but CI is closer to
C4 giving it a lower potential energy than cis, but higher than trans. The differences in
energy between the different states are displayed in a plot of potential energy U(vj/) as a
function of torsion angle, as the C4 carbon is rotated about the C2-C3 bond from 0-360°
(Figure 1.2a). Through the Boltzman relationship
-U(V)/kT
P(y/) = e 2 (1-1)
4
Figure 1.1: Bond length (1) C3-C4 , bond angle (0) CI- C2-C3 , and torsion angle
of CI and C4 around the C2- C3 bond for n-butane in the trans conformation.
5
Torsion angle (\|/)
Figure 1.2: Potential energy distribution and torsion angle distribution of n-butane.
(a) Potential energy distribution U(\|/) as a function of torsion angle (\|/) for n-butane.
(b) Torsion angle distribution P(\j/) as a function of torsion angle for
n-butane.
6
P(\|/) giving the distribution shown in Figure 1 .2b.
The important conformations to consider when trying to determine a torsion
angle distribution are the lower-potential-energy, high-population states, trans and
gauche. The segment exist in higher-energy eclipsed states only during transitions
between lower-energy states of trans and gauche. Several theoretical studies on torsion
angle distributions in polymers are found in the literature. 3 '5 ' 12
A reference value is required to specify the trans and gauche states as specific
torsion angles. In this study, the trans state will be defined as \\i = ±180° while the two
gauche states are found by a ±120° rotation from trans, giving 60° and 300°. Two
conventions that distinguish between the two gauche states are found in the literature.
Convention 1 uses the sense of rotation to define the two gauche states as gauche plus
(g
+
) and gauche minus (g"). Also the direction of the R-group (either into or out of the
plane of the paper) must be defined in convention 1. The rotational isomeric states are
then defined for convention 1 as t, g
+
,
and g". Convention 1 is used to describe
conformations in poly(ethylene) and poly(tetrafluoroethylene), but is confusing when
used to describe conformations for vinyl polymers because of their pseudo-asymmetric
CHR centers. It should be noted that the labeling of g
+
and g" states becomes
inconsistent when comparing descriptions that have defined the trans state as \\i = 0° 13
with others that use \\i = 180° 12 for trans.
Convention 2 is suited for vinyl polymers [-CH2—CHR-] n and eliminates the
inconsistencies and requirements needed with convention 1.4 > 12 - 13 Convention 2 assigns
the same torsion angle (rotational state) to sterically equivalent conformations. Thus
7
two conformations that are mirror images of each other will have the same torsion
angle. The two gauche states are labeled gauche (g) and gauche bar (g)4.l2,l3 'm
convention 2. A 3D segment of polystyrene, a vinyl polymer, shows the three possible
lower-energy states (t, g, and g) used in convention 2 in Figure 1.3a. All three states
are shown simultaneously in the polystyrene segment for comparison with the phenyl
ring removed from g and g for simplicity. The three states are also shown in Newman
projections in Figure 1.3b looking down the C2—C3 bond of Figure 1.3a. The CH2 and
Ca in Figure 1.3b are labeled as CI and C4 in Figure 1.3a. In the g conformation, the
three bulky substituents, the R group and the two chain "continuations" indicated by
wiggly lines, are close together in the Newman projection in Figure 1.3b. As a result of
the steric interactions due to close spatial proximities, and according to conformational
energy calculations, the g state is unfavorable. 14 ' 15 The torsion angle of the g state
used by Mattice 12 and in this study is near 60°, while that of the g state is near 300°
(equivalent to -60°). The trans state is defined at a torsion angle close to 180°.4 > 12 ' 13
Convention 2 will be used to describe the conformation states in this thesis.
In the perfectly staggered conformations (g , t, and g at 60°, 180°, and 300°)
there is steric crowding between the larger R group and the chain extensions as shown
in Figure 1.3b. If each state rotates by a few degrees away from the perfectly staggered
conformations, the steric crowding is reduced and the potential energy will be at the
minimum for each state. The trans state will increase from 180° as the chain extensions
Ca will move away from the R group. In the g state, the chain extensions will move
apart decreasing the torsion bond angle from 300°. The C
a
is trapped between the CH2
8
t (v = 1 80°) g (y = 300°) g (V = 60°)
Figure 1.3: Three-dimensional structure and Newman projections of polystyrene
showing /, g, and g conformations for comparison, (a) Three dimensional structure of
polystyrene showing all three conformations (/, g, and g) for comparison. In a real
polymer chain only one conformation per backbone bond exists. The torsion angle
ofCI and C4 around C2 and C3 is diplayed. The wiggly lines represent chain
extensions, (b) Newman projections of polystyrene demonstrating the three rotational
isomeric states (t, g, and g). The Newman projection is created by viewing the 3D
structure in (a) down the C2- C3 bond. CH2 and Ca are labeled CI and C4 in (a).
9
and the R group in the g state, not allowing for significant rotation away from 60°. The
rotation away from 180° and 300° is seen in the shift of the maxima of the t and g
distributions in the theoretical determined torsion angle distribution for atactic PS
shown in Figure 1 .4.
Figure 1
.4 shows the torsion angle distribution predicted by 3 different models
for atactic PS. Packing Model I5 (diagonal stripes) and Packing Model II6 (vertical
stripes) are atomistic models showing broad distributions of torsion angles for g, t, and
g states. On the contrary, the Rotational Isomeric State (RIS) model 15 (two thick solid
lines) has only two torsion angles with one near t, one near g, and excludes g , with 73%
t, 27% g. Note that in Figure 1.4, the sharp high peaks in the RIS model have been
scaled down for convenience. An experimentally determined torsion angle distribution
is the ultimate goal of this research. Since a single experiment may not be able to map
out the complete distribution, specific features such as the centers, areas, and widths of
the trans and gauche peaks in the distribution may have to be determined in separate
experiments.
Nuclear Magnetic Resonance (NMR) Background
Nuclear Magnetic Resonance (NMR) Spectroscopy can be performed on nuclei
with a spin, which include 'H, 13C, 15N, and 2H. Each isotope possesses a different
magnetogyric ratio (y) and resonance frequency co = y Bo allowing it to be selectively
detected. The magnetogyric ratio is a nuclear property and is the proportionality
constant between the nuclear magnetic moment and angular momentum (spin) of the
10
0.20
0.15
0.10
0.05
0
^ Packing Model I
[| Packing Model II
| RIS Model
g
0° 60° 120° 180° 240° 300°
Torsion angle (\|/)
360°
Figure 1.4: Torsion angle distribution of atactic polystyrene determined by different
models. The RIS probabilities shown as thick solid lines are relative amounts with
73% t and 27% g with no g.
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nuclei. Protons (
!H) have the largest magnetogyric moment of the stable isotopes and
are typically used as the reference.
The sensitivity of a NMR experiment is a function of several factors, including
5/2
y .
16 The abundance or amount of the isotope of interest in a sample is also an
important factor in the sensitivity. Most elements exist in nature as different isotopes
having different spins, natural abundance, and magnetogyric ratios. The proton has a
spin of Y2
,
a normalized magnetogyric ratio of 1 and a natural abundance of 99.98%
giving it high sensitivity. Deuterium (
2
H) on the other hand has a spin of 1, a
normalized magnetogyric ratio of 1/6.5 and a natural abundance of only 0.015%, giving
it extremely low sensitivity in natural abundance. Another example relative to this
• 1 3 •
thesis, C has a spin of Yi, a normalized magnetogyric ratio of 1/4 and a natural
abundance of 1.1 1%, giving it a low sensitivity. Although the
13C natural abundance is
13 13
low, most C NMR is done on non-( Qenriched samples by signal averaging. When
usingNMR to characterize nuclei with a low natural abundance, isotopic enrichment
(labeling) is often required. Isotropic labeling is also helpful when specific sites on a
molecule are to be studied. Many isotopically labeled compounds including common
monomers are commercially available.
In NMR, there are various nuclear interactions that can be utilized or are
nuisances depending on the purpose of the experiment. Two external interactions are
the static magnetic field B0 created by the superconducting magnet and the transverse
magnetic field B\ created by sending electrical current through a small coil around the
sample. Other interactions, including chemical shift, J-coupling, dipolar, and
quadrupolar coupling, are local interactions of nuclei with other nuclei or with electrons,
12
The chemical shift of a nucleus depends on its electronic environment. The J-coupling
is a through-bond coupling between two or more nuclei while the dipolar coupling is a
fundamental through-space interaction. Nuclei with a spin of 1 or greater also possess
quadrupolar coupling that is a nuclear interaction with the electric field gradients around
the nucleus. These various interactions can be utilized or eliminated depending on the
experiment performed providing versatility in the design and application ofNMR
experiments.
Chemical Shift Anisotropy (CSA)
In rigid solids, the orientation of molecules is fixed in space. The chemical shift
of nuclei depends on the orientation of the molecular segment relative to the static
magnetic field B0 (Figure 1 .5). The orientation of the molecular segment relative to B0
(and not the orientation of the nuclear spin) determines the chemical shift. This is a
fundamental aspect of solid-state NMR that will be utilized in several NMR
experiments in this study. The chemical shift tensor describes the orientation
dependence of the chemical shift. This tensor can be transformed into a principal axes
system (PAS) where it is represented by a diagonal matrix and is defined by the three
principal values (cox, coy and coz in Figure 1.6) and principal directions (x, y, and z in
Figure 1.5). The principal values of the tensor are rather simple to determine since they
can be directly read from the powder pattern (Figure 1 .6). The PAS values are the
frequencies at both ends of the powder pattern (cox and coz) and the peak in between cox
and coz is defined as coy .
17 A powder pattern is the spectrum that results from an
1 1
isotropic distribution ofPAS directions with C segments having all possible
orientations. Although PAS values are relatively easy to determine, it is difficult and
13
Figure 1 .5: PrincipalAxes System (PAS) ofNMR interaction tensor for a methylene
group (
l3CH
2).
The angles 6 and $ are the polar angles of BQ in the PAS labeled by x,
y, and z.
Figure 1 .6: Powder pattern showing the chemical shift anisotropy of a methylene
group (
,3CH
2).
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time consuming to determine the PAS orientations relative to the bonds. In many cases,
the PAS orientation reflects the local segmental symmetries such as for a sp2 hybridized
carbon, where one chemical-shift principal directions is perpendicular to the sp2 plane.
Lists of PAS values and directions are found in literature, 18 ' 19 but only relatively few
PAS directions have been experimentally determined. An example of PAS values and
directions are shown for a 13CH2 group in Figure 1 .6. The PAS values are shown at the
bottom of Figure 1 .6 with the values of cox , coy, and (oz . The PAS directions determined
i 3
for the CH2 group show the x-axis parallel to the internuclear vector between the two
H's, the y-axis bisecting the H
—
I3C—H group, and the z-axis perpendicular to the H—
13C—H plane(Figure 1
.6).
The frequency of the chemical shift is described by Equation 1 .2 17 with the polar
angles 9cs and (J>cs relating the PAS directions to Bq (Figure 1 .5). The frequencies cox ,
coy, and coz are the principal values of the PAS and are equal to cocs when Bq is parallel
to the x, y, and z-axes respectively.
<»cs(0cs>&s) = <°z 2 (3 cos
2
ecs - \)-(coy - fl>xft(sin
2
6>cs cos2 c^s ) (1.2)
When the chemical shift tensor is axially symmetric, cox = coy , there is no (j>cs
dependence.
Quadrupolar Interaction of Deuterium
Nuclei with a spin S > 1 possess an electronic quadrupole moment. When these
nuclei are exposed to an electric field gradient created by bonding electrons, a
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quadrupolar interaction results. The interaction is intramolecular and nearly axially
symmetric about the C
—
2H bond in aliphatic compounds since the elecuic field
gradient is symmetric around a C—2H bond.20 Due to this, C—2H bond directions can
be monitored and utilized to determine molecular order and mobility by 2H NMR.
Equation 1.3 describes the quadrupolar coupling strength coQ as a function of GQ , <t>Q , 8Q
andriq in the PAS. 17
®q(0q,0q ) = ±$q i(3cos
2
0Q - 1
-
7]Q sin
2
6>Q cos2^Q ) (1 .3)
The polar angles GQ and <|)q relate the field gradient tensor (FGT) to B0 , the anisotropy
parameter 5q m 2n- 1 25 kHz, and the asymmetry parameter t)q m 0 for aliphatic C— 2H.
Therefore, for aliphatic C— H bonds, the quadrupolar coupling is only a function of 0q,
the angle between the C— H bond direction and Bo.
A NMR sample that has an isotropic distribution of C— H bond directions (0q)
relative to Bo produces a characteristic "powder lineshape" known as a Pake pattern 17
shown in Figure 1 .7b. The pattern results from the superposition of powder patterns
(dotted line and dashed line in Figure 1 .7a) caused by the two transitions for a spin = 1
isotope with t|q« 0. Deuterium line shapes are sensitive to molecular motions20 and the
Pake pattern with the full splitting between the peaks in Figure 1 .7b of 271-125 kHz
results when segmental motion is in the ultra slow motion limit. Line shapes that result
from motion in the intermediate and fast exchange limits are described in a review of
deuterium NMR for polymers.20 Small amplitude molecular motions will cause the
16
a) single transitions
i 1 1 1 r
quadrupolar or dipolar splitting
b) Pake pattern
i 1 1 r
Figure 1.7: Powder spectrum (Pake pattern) produced by an aliphatic 2H quadrupolar
coupling (u)q) or by isolated dipolar coupled spin pairs (cOq) . (a) The dotted and
dashed lines represent the individual transitions with their sum producing the Pake
pattern, (b) The thin lined Pake pattern results from small amplitude motions for
2H,
or a longer distance between ,3C's in dipolar-pairs, relative to the thick lined Pake
pattern.
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"horns" to move closer together along with other shape changes as shown by the thinner
line in Figure 1 .7b.
Dipolar Interaction
Another important interaction in NMR is the dipolar coupling that exists
between nuclei. Dipolar couplings act through space with a dipolar coupling strength
cdd
,
that is proportional to 1/ r l2
3
where rh2 is the distance between the coupled nuclei
(Equation 1.4). 17
/ S
aDWD ) = ±jL * L£-i(3cos 2 0D -\) (1.4)
Therefore, the dipolar coupling strength is extremely sensitive to changes in internuclear
distances. The dipolar coupling strength is also related to the angle 9D between B0 and
the internuclear vector connecting the coupled nuclei. There are both homonuclear and
heteronuclear dipolar couplings that typically act simultaneously unless one or both are
eliminated by decoupling. For homonuclear coupling y
1
= y
s
while for heteronuclear y
1
*
y when defining the gyromagnetic ratios in Equation 1.4. 17 The permeability constant
is p,o while ft is Plank's constant divided by 2ft.
A solid-state sample consisting of isolated dipolar coupled C nuclei in which
the distribution of 9D is isotropic, produces a Pake powder pattern (Figure 1 .7b) similar
to the one caused by the
2H quadrupolar coupling. The two transitions caused by the
dipolar coupling between the isolated nuclei produce a splitting between the horns that
depend on 1/ n,2
3
. A longer distance between 13C nuclei in the coupled pair results in
the horns in the Pake pattern moving closer together as shown by the thinner line in
Figure 1.7b.
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The two limits for the spectral effect of dipolar couplings are the strong and
weak coupling limit, with the complex intermediate regime in between. These are
determined by comparing the difference in the chemical shift (A = coCSa - coCSb)
(Equation 1.2) of the coupled nuclei (a and b) to the dipolar coupling strength coD
(Equation 1
.4) between them. The coupled nuclei are in the strong coupling limit when
the strength coD of the dipolar coupling is large compared to the chemical shift
difference A (coD » A). Similarly, the weak coupling limit is defined by coD « A and the
intermediate coupling regime is when coD * A. The spectra obtained for the spin pairs in
the strong and weak coupling limit are simple compared to the line shapes obtained in
the intermediate coupling regime where the spectra are a complex function of ©d and
A.21
"24
In both the strong and weak coupling limit, the spectrum for a single pair of
C's with the internuclear vector making an angle (Od) with the Bo field contains a
doublets with a splitting of
A 3
2co D =2? (7.6 kHz)— {(3cos2 9 D -l) (1.5)
In the strong coupling limit q = 3/2 and the spectrum contains a single doublet centered
at the common chemical-shift. In the weak coupling limit, the value of q =1 and the
spectrum has two doublets, each centered at the chemical-shift position of each coupled
site.
Double-Quantum NMR
Double-quantum NMR25 '27 involves a double quantum coherence that can be
created between two spin=!/2 nuclei or created on or between spin > 1 nuclei. Other
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coherence orders including zero, first, third, etc. exist but only single quantum
coherences can be directly detected. Non-single quantum coherences can be generated
using various pulse sequences, but must be transferred back to single-quantum
coherence to be indirectly detected. There are various techniques to excite and select the
desired Multiple-Quantum Coherence (MQC). 16'25
The double-quantum coherence between two 13C nuclei is the relevant coherence
for this NMR study. Only the NMR signal created by a double-quantum coherence
between dipolar coupled 13C pairs is desired and provides torsion angle information.
The pulse sequence utilized is similar to the INADEQUATE (Incredible Natural
Abundance DoublE QUAntum Transfer Experiment) 16 '28"33 that is used in solution
NMR. The pulse sequence in Figure 1 .8 was modified for solid-state NMR and is
named DOuble Quantum Spectroscopy (DOQSY).7 It would be inaccurate to call the
experiment INADEQUATE since the polymers used in DOQSY are isotopically
labeled.
DOQSY is a 2D solid-state NMR technique that was designed to experimentally
determine torsion angles in isotopically labeled polymers. The concept relies on the
orientation dependence of the molecular segment on the chemical shift (CSA) as
described earlier and shown in Figure 1.5. In order to determine a torsion angle, the
orientation of the molecular segments on both sides of the torsion angle must be
determined. To accomplish this, a
13C must be placed on each side of the bond with the
torsion angle \\i of interest as shown in Figure 1 .9 for polyethylene. This is
accomplished by isotopic labeling of the polymers. The synthesis of the labeled
polymers will be addressed individually in the respective chapter. Now, the frequency
20
1H CP
Proton Decoupling
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Proton Decoupling
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123456789 10
DQ excite DQ reconvert Hahn-Solid-Hahn
Figure 1.8: Schematic of2D DOuble Quantum Spectroscopy (DOQSY) solid-state
pulse sequence. The pulse sequence is used to determine torsion angles and torsion
angle distributions. A Hahn-Solid-Hahn Echo is used prior to acquisition to refocus
the dipolar coupling and chemical-shift.
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Figure 1.9: Diagram of chemical-shift tensor orientations and the relevant torsion
angle \\f for the 13C-13C spin pairs in polyethylene.
(a) Experiment (b) Simulation
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i 1 1 j—1 — 1
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C02 C0a,C0b
Figure 1.10: (a) Experimental DOQSY NMR spectrum of4% 13C-*3C labeled
polyethylene, (b) Best fit simulated DOQSY NMR spectrum.
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dependence of 13Ca (coa) and
13Cb (cob) can be determined. The two frequencies must
then be measured and correlated to determine torsion angle information. The relative
orientation of 13Ca's and 13Cb 's molecular segment can then determined by simulating
the spectrum. This is the basic concept ofhow DOQSY is used to determine torsion
angles and their distributions.
DOQSY yields 2D spectra with the first dimension, mh giving torsion angle
information as the sum of the chemical shifts ofthe coupled sites ©a + cob without
dipolar coupling complications. The coa + cob in co, is then correlated with the individual
chemical shifts coa and cob (and the dipolar coupling coD between them) in the directly
detected dimension co2 . An example of an experimental 2D DOQSY NMR spectrum of
a 4% directly bonded 13C— 13C spin pair labeled polyethylene is shown in Figure 1.10a
along with the best fit simulation Figure 1.10b.7
In order to simulate DOQSY spectra, principal values and directions of 13Ca and
Cb must be known to relate frequencies coa and cob to molecular orientation. Also,
correct bond length and bond angle information is also necessary to correctly simulate
spectra.
Along with removing the dipolar coupling in coi, the DOQSY pulse sequence
eliminates natural abundance background signal and any isolated isotopic 13C signal that
arises from labeling that may dominate the spectrum in some cases.33 The pulse
sequence selects only DQ coherences ( Ca and Cb spin pairs) while phase cycling
removes the signal of isolated spins (
13
C's that are not close to another
13
C). Because of
the spin pair selection, the DOQSY pulse sequence can also be utilized for suppressing
1
1
the signal of isolated C spins. The DOQSY pulse sequence can be placed at the
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beginning of an existing pulse sequence and allow only 13C spin pair signal to be
manipulated by the existing pulse sequence. This is a useful tool for several
experiments.
The quantum mechanical treatment of the effects of the DOQSY pulse sequence
on a two spin system is less difficult when considering the weak and strong dipolar
coupling limits rather than the intermediate regime. This is because the chemical shift
and the dipolar coupling in the overall Hamiltonian H commute and therefore can be
treated independently. The two spin system considered here consists of a pair of 13C
spins, S and L, in the weak or strong coupling limits, with chemical shifts of coa (L spin)
and (ob (S spin). The evolution of y magnetization under the central part of the pulse
sequence in Figure 1 .8 after the cross polarization (CP) is shown below in Equation
1 .6.34 Numbers in parenthesis in Equation 1 .6 relate the equation to the location in the
pulse sequence in Figure 1.8. Only the relevant terms selected by phase cycling are
shown.
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The term g(2r) = 2{-2sin(^2r)} for both limits with q = 1 in the weak and q = 3/2 in
the strong coupling limit with coD defined in Equation 1.4. The complete product-
operator analysis has been performed33 for the general case of arbitrary coupling
strengths and shows that the spin terms and cos(coa + ©b)t, are always as shown in
Equation 1
.6. Only the term g(2 r) changes and becomes more complicated for
intermediate couplings.
The coi or t! dimension is modulated by both sin^^r) and cos(coa + cob)t,. The
value of x, the double quantum excitation time and reconversion delay shown in the DQ
pulse sequence in Figure 1 .8 is an adjustable parameter. The value oft is adjusted
depending on the internuclear distance between the 13C's of interest. Larger t values
1
3
probe longer C internuclear distances. The cos(coa + cob)ti is the important term that
contains the torsion angle information. As mentioned before, the chemical shift
frequencies coa and cob depend on the segmental orientation relative to B0 . Therefore, the
sum of the frequencies coa + cob depends on the relative orientation of the chemical shift
principal axis system of the coupled sites. Prior knowledge of the chemical-shift tensor
is required to simulate DOQSY spectra. 18
Although the DQ-pulse sequence creates the DQ-coherence, phase cycling is
required to select only the DQ terms shown in the last line of Equation 1 .6 and
essentially removes all other coherence orders. Phase cycling is the process where the
phases of the pulses (x, -x, y, -y) are changed systematically in such a way that
undesired signals (all non-DQ terms in this case) cancel out. The phase cycling usually
requires a simultaneous change in the receiver phase. The most important signal to
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suppress using the DQ pulse sequence is z-magnetization in the f, period. This is
accomplished by shifting the phase of the pulses from x in one scan (Equation 1
.7) to y
in the next scan (Equation 1
.8) and utilize the difference in signs. The receiver phase
must also be shifted to cancel the signals.
iSxLy+ SyLx)-J^-(SxL, +SL)-^_c
(1.7)
(1.8)
(S
x
L
y +SyLx)-^-(S,Ly +SyLz)-^ +Sx
S
z
-^-S
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y-Gauche Effect in 13C MAS Spectra
In polyethylene, polypropylene, and other aliphatic polymers, the 13C MAS
spectra of the backbone CH2 units exhibits maxima and shoulders that can be assigned
empirically, based on the y-gauche effect, to different conformations of the two y-
substituents (see Figure 1.1 1).3,35,36 Each y-substituent in the gauche conformation will
cause additional shielding of ~4 ppm upfield (lower ppm) relative to the two y-
substituents in the trans conformation.
Examples of the y-gauche effect on the 13C MAS spectra of amorphous
poly(propylene), poly(isobutylene) and polyvinyl acetate) are found in a paper by
Zemke36 . The nomenclature used to describe the different y-substituents is t*.*t, t*.*g,
g*.*t, and g*.*g with the structure of amorphous PP in the t*.*g position shown in
Figure 1.11. The t or g are the torsion angles between the (3 and y-substituents, the "*'s"
1
1
are the torsion angles between a and (3-substituents, and the "." is the CFh being
26
Figure 1.11: Diagram of amorphous polypropylene) segment in the t*.*g
conformation showing carbon atoms (encircled with thick lines) in the y position
relative to the 13CH2 . The methyl carbons are shaded gray.
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considered. The peaks in the ,3C MAS spectrum of amorphous were assigned y-gauche
conformations with the assistance ofknown ,3C MAS chemical shifts of isotactic (iPP)
and syndiotactic (sPP) polypropylene.36 The peak at 48.6 ppm corresponds to the t*.*t
conformation, the peak at 44.3 ppm corresponds to the t*.*g = g*.*t conformation, and
shoulder at -40 ppm corresponds to the g*.*g conformation. The t*.*g = g*.*t peak is
4.3 ppm upfield from the t*.*t peak and the g*.*g intensity is -8 ppm upfield from t*.*t
peak showing the linebroadening of the 13C MAS spectrum of amorphous PP can be
rationalized with the y-gauche effect.
It is also important to note that the conformational shifts in the solid-state MAS
spectrum are much larger compared to the configurational effects seen in solutionNMR
of polymers.3 '35 For comparison the MAS spectrum of amorphous PP is -15 ppm wide
while the solution spectrum in only -3 ppm wide.36 A major difference is the rapid
trans-gauche exchanges that take place in solution lead to an averaged conformation
environment that is different for each configuration. This is reflected in the solution
spectrum.
Statistics of 13C Labeling of Polymers
Isotopically labeled polymers are required to determine conformations of
polymer backbones using the double-quantum NMR experiment. More specifically,
isolated
,JC spin pairs are desired. Isolated means the spin pair is enclosed by unlabeled
monomers on each side. In some cases, the spin pair exists within one monomer unit,
while in other cases the spin pair requires two monomers to be joined in sequence.
Therefore, different
13C labeled monomer amounts are required to maximize the number
of isolated spin pairs for the two cases. A diagram of an isolated C labeled monomer
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and an isolated spin pair is shown in the legend of Figure 1 . 1 2 as n = 1 and n = 2
respectively.
In a copolymerization of 13C labeled and unlabeled monomers, a significant
number of relatively isolated 13C monomer pairs are formed statistically if 10%-50%
,3C labeled monomers are added. Using probability statistics to calculate the number of
,3C monomer pairs assumes the reactivity ratio of both monomers is the same causing a
random sequence of labeled and unlabeled monomers. If the polymerization is
statistical, the sequencing is determined by the fractional amount of each monomer
added at the beginning of the polymerization.2
In the case of a statistical copolymerization, the number of 13C monomer pairs or
* 13
isolated C monomers can be tailored using different comonomer ratios. If x is the
fraction of isotopically labeled monomers, the probability for a sequence with n Re-
labeled monomers [i.e., enclosed by two unlabeled sites, each with a probability of (1-
x)] is
pn (x) = x"(l-x)
2
(1.9)
Since each sequence contains n 13C's, the probability of a site being part of a sequence
ofn 13C'sis
pn {x) = nx"{\-xf (1.10)
For instance, at x = 25%, 14% of all 13C monomers are isolated, 7% are in pairs, 3% in
three-
13C monomer sequences, and ca. 1% in longer sequences. The probability of a 13C
monomer being part of any sequence of labeled sites is x:
i:0w=(i-*) 2 i:»'« (
"~i,
=* an)
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Figure 1.12: Fraction of sites rn(x) in a sequence of n C monomers enclosed by two
12C monomers as a function of total 13C monomers added x from eq 1.12. The 12C's
and 13C's are represented by open circles and filled circles respectively in the legend.
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Dividing Equation 1.10 through by x will give the fraction of 13C's in a particular
sequence shown in Equation 1.12.
rn{x) =EM = nx^ {l _ xY (1J2)
Equation 1.12 is plotted in Figure 1.12 as a function of x to show the number of isolated
monomers, pairs, triple, and quadruple 13C monomers labeled n = 1, 2, 3, and 4,
respectively. As x is increased (more 13C monomers are added) the number of multi- 13C
monomer sequences increases as expected. There is a maximum in the curve for each
multi-
13C monomer sequence relative to the other sequences possible. The maximum
for n = 2 occurs at x = 33%. At that level of labeling, the number of ,3C monomers in
pairs relative to all species (isolated 13C monomers, triples, and longer sequences of
spins) is maximum, r2(0.333) = 29.6%. In practice, lower labeling levels (x = 0.20 to
0.25) are preferred to reduce undesirable effects of long-range couplings, while not
decreasing the number of 13C monomers in pairs too dramatically. The fraction of pairs
is affected little, r2(0.20) = 25.6% vs. r2(0.33) = 29.6%. The absolute number of pairs
also does not decrease dramatically, P2(0.20) = 5% vs. P2(0.33) = 10%.
At the labeling level of x = 0.25, n(0.25) = 56.3% of the
13C monomers are
isolated, r2(0.25) = 28.1% are in pairs, r3(0.25) = 10.5% in triple sequences, and the rest,
100 - 56.3 - 28.1 - 10.5 = 5.1% are in longer sequences. The fraction of repeat units
containing a C that is part of spin pairs is P2(0.25) = 7%.
1 o
For other experiments, multi- C monomer sequences are unwanted and
therefore the amount of labeling must be kept low. More information about particular
labeling will be included with each copolymer studied.
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CHAPTER II
DETERMINATION OF BACKBONE TORSION ANGLES IN ISOTOPICALLY
LABELED ATACTIC POLY([p- ,3C]STYRENE-CO-STYRENE)
Introduction
Polystyrene (PS) is a thermoplastic polymer widely used for packaging and
thermal insulation. It is also an important rigid component in various multi-component
polymer systems with tailored properties. Chemically, polystyrene is a vinyl polymer
with a large aromatic sidegroup, see Figure 2.1. In spite of the widespread application
of atactic polystyrene (aPS), its microscopic chain conformation is not well known
experimentally 6 - 12
.
Backbone conformational statistics have not been characterized
experimentally. In principle, vibrational spectroscopy is sensitive to polymer
conformations 37
.
However, in polystyrene and other simple polymers, the
conformation-sensitive normal modes are so delocalized over many repeat units that a
determination of the conformational parameters is difficult 38"40
. Scattering 41 and
NMR techniques 42 have been used to investigate sidegroup stacking, but the results are
somewhat confusing. Various simulations of the three-dimensional structure of
polystyrene chains have been performed 5,6,14,15, jhe results, such as positions, widths,
and integral intensities of the maxima in the torsion-angle distribution, vary rather
drastically 4-6,12,14 por instance, rotational-isomeric state models 14 > 15 show only two
(sharp) maxima, one trans (73%) and one gauche (27%), while more elaborate atomistic
calculations that include packing effects predict three broad maxima, with about 50%
probability in the trans region seen in Figure 1 .4. 5 >6 Experimental input is necessary to
guide these theoretical efforts.
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t (V = 1 80°) g (i|f = 300°) g (V = 60°)
Figure 2.1 : Newman projections and three-dimensional structures of polystyrene
showing t, g, and g conformations for comparison, (a) trans (t), gauche (g) and
gauche-bar (g) conformations shown in Newman projections. In the g conformation,
all the bulky groups are on one side of the Newman projection, as highlighted by the
dashed line, (b) Conformations around the two backbone bonds CI -C2 and C2- C3
flanking a CHR group with torsion angles labeled \j/+l and \|/. This is the structural
element relevant in our experiments with CI and C3 being ,3C labeled. Only the t
conformation is shown for bond C1-C2 and all three backbone conformations t, g,
and g are indicated for bond C2- C3. This gives the two consecutive bond
conformations of tt, tg, and tg. (c) Same as b) but with C1-C2 in the g conformation,
(d) Same as b) but with C1-C2 in the g conformation, (e) Steric crowding, the so-
called "pentane effect" that occurs for gg and for gg conformations.
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resonance
in
This chapter presents the first experimental characterization of the trans-gauche
ratio in the backbone of atactic polystyrene. The solid-state nuclear magnetic
(NMR) experiments are based on two-dimensional double-quantum 7,8 explained
Chapter 1 and dipolar correlation * techniques that provide torsion angle information by
measuring the relative orientations of next-neighbor segments in a polymer chain.
Some of these experiments provide information on the joint probabilities of torsion
angle around two neighboring bonds.
Compared to similar experiments presented previously, 7-9.43 the approach
presented here relaxes the requirements on the isotopic labeling. It relies neither on
* * 1
3
introducing C spin pairs specifically nor on the 13C sites being directly bonded.
Instead, singly 13CH2-labeled styrene was copolymerized with unlabeled styrene at a
ratio of 25:75 to produce a nearly atactic polystyrene with 48% meso (isotactic) dyads.
Statistically, 7% of all CH2 groups are part of relatively isolated 13C monomer pairs (see
Chapter 1 for full explanation) in 13CH2- 12CHR- 13CH2 sequences. The 13CH2- 12CHR-
1
3
CH2 sequences are shown in Figure 2.1b-e. They can be selected by the double-
quantum filtering inherent in the double-quantum experiments.
Synthesis and Characterization ofNMR Sample
Polymer Synthesis
1
3
Poly([p- C]styrene-co-styrene): Unless otherwise noted, materials were
obtained from commercial suppliers and used without further purification. Unlabeled
styrene (Aldrich) was inhibited with 10-15 ppm 4-tert-butylcatechol. The
[p- C]styrene was inhibited with 10 ppm 4-tert-butylcatechol. To a 20 ml ampule
containing a stirbar was added unlabeled styrene (495 ul) [p
13
C]styrene (Isotech) (165
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Ill) to give 25 % 13C-labeled styrene. Benzene (125 ul) and a 0.4 % AIBN (2,2'-
azoisobutyronitrile) (w/w) in benzene (107 ^1) were added to the 20 ml ampule with a
syringe. The mixture was then freeze/pump/thawed three times to remove any dissolved
gasses. Still under vacuum, the mixture was placed into a 65 °C temperature bath for 24
hours. The resulting poly([p- 13C]styrene-co-styrene) was dissolved in 10 ml of benzene
and then filtered. The filtered solution was precipitated in 300 ml of methanol, filtered,
and washed with 100 ml of methanol. The white polystyrene was dried under vacuum.
The percentage of [p
13
C]styrene in the copolymer was determined by 13C NMR to be 24
%.
Preparation of aPS Sample for Solid-State NMR
One method for making solid-state NMR samples is to simply place the polymer
powder directly into a sample holder. In order to achieve maximum sensitivity for
amorphous polymers, heating above Tg and then packing the sample is required. The
polymer is processed to a diameter and length slightly smaller than the coil in the NMR
probe. This way maximum signal is achieved by having the maximum amount of
sample in the coil.
1
1
The powder poly([P~ C]styrene-co-styrene) sample was placed into a glass tube
having an overall length of 7 cm. The open end and top 6 cm of the glass tube had a
diameter of 0.5 cm and the remaining 1 cm length of the tube had a diameter of 7 mm
with a flat bottom. The diameter of the coil in the NMR probe is 7 mm. Approximately
25 mg of the aPS powder was placed into the glass tube and packed into the bottom
with a metal rod. The glass tube is then placed into a 120 °C oil bath. When the
polymer is in the melt, it flows to the bottom of the tube then another 25 mg of aPS
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powder is added. This process is repeated until the amount of polymer in the 7mm
section of the tube reaches ~lmm in length. Once all the polymer has been added, the
sample remains in the 120 °C oil bath for approximately one hour to equilibrate the
entire sample. A flow of nitrogen is placed over the aPS in the melt to reduce any
oxidation. The sample is then removed from the oil bath and is allowed to cool to room
temperature. With any luck, the polymer sample will simply fall out if the glass tube is
turned upside down. If not, the glass tube is broken to remove the sample.
Configurational Statistics from Solution NMR
Polymers obtained from vinyl monomers with the structure CH2=CHR, where R
is a phenyl ring in polystyrene, have two distinct stereochemical configurations of the
repeat unit. The CHR carbons of the two stereochemical configurations are asymmetric
since they are bonded to four different groups and therefore are not interchangeable by
bond rotation. When two adjacent chemical repeats named dyad have the same
configuration, this is referred to as a meso (m) dyad, while two adjacent chemical
repeats with alternating configurations are called a racemic (r) dyad. 2 ' 12 Three chemical
repeats make up triads, four chemical repeats tetrads, etc. A polymer composed of only
meso dyads is called isotactic, one consisting of only racemic dyads syndiotactic. The
term heterotactic is given to a polymer that alternates between meso and racemic dyads.
If a polymer has an equal number of meso and racemic dyads randomly placed along the
chain, it is called atactic.44
The stereochemistry of radically polymerized vinyl monomers generally results
in polymers that follow Bernoulli statistics.44 This means that during the
polymerization, the stereochemical preference for the next monomer added to the chain
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is influenced only by the terminal unit on the polymer chain.* The Bernoulli model is
tested* by the experimental NMR analysis. From the best fit, the percentage ofm and r
dyad or tacticity of polymers is determined.
There have been numerous 13C NMR investigations of the stereochemical
configurations of polystyrene.45-47 The various configurations of dyads, triads, etc. give
rise to different chemical shifts, due to the conformation-dependence of the chemical
shifts: Different configurations possess different conformational probabilities and thus
different average chemical shifts. Model compounds of polystyrene, up to a pentamer,
have been used to assign the aromatic-Cl and the methylene-carbon signals to the
different configurations.46 The 13C NMR peak positions were then used to assign the
aromatic-Cl and the methylene-carbon signals of polystyrene to specific configurations.
On this basis, the tacticity or percentage ofm and r dyads was determined.46 The
percentage ofm dyads determined by different studies ranged between 45% and 48%
for radically polymerized polystyrene.
To determine the percentage ofm dyads in poly([p- 13C]styrene-co-styrene) the
procedure by Kawamura45 was used. Since the copolymer contains 25% 13C on the
methylene carbon, this signal was used calculate the amount ofm dyads in the
copolymer. The percentage ofm dyads was found to be 48%.
Theoretical Torsion Angle Background
Torsion Angles and Rotational Isomeric States in Polystyrene
In the torsion-angle analysis of vinyl polymers with their pseudo-asymmetric
CHR centers, it is important to carefully specify the torsion-angle convention used.
Convention 2 with conformation states of t, g, and g as described in Chapter 1 will be
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used for polystyrene. Also in our description, we choose the origin of the torsion-angle
axis such that the trans (staggered, anti-periplanar) conformation has y = ±180°, the g
conformation has vj/ = 60° and the g conformation has y ~ 300° (Figure2.1(a)).
Relations between One- and Two-Bond Probabilities
In the determination of the joint probability of torsion angles of two subsequent
backbone bonds, different results are obtained depending on whether the central group
is a CH2 or a CHR moiety. With a CH2 group in the center, the bulky R substituents of
the two adjacent CHR groups interact, which leads to a coupling of the probabilities.
This is the case considered in detail for RIS theories.
In our experiments, the 13C-labeled methylenes flanking a CH(Ph) group
13 13
( CH2—CH(Ph)— CH2) in the center are observed. The various possible two bond
conformations for this structural element are displayed in Figure 2.1b-d and show the
two torsion angles determined by the NMR experiment relative to the placement of the
13
C's. Torsion angle CI—C2(\j/+1) and C2—C3(v|/) are determined with CI—C2
shown in the t, g, g states for Figure 2.1b-d respectively. In Figure 2.1, CI and C3 are
13C labeled. Torsion angle C2—C3 shows all three possibilities for comparison.
Therefore all possible two bond conformations for Figure 2.1b-d are tt, tg, tg, gt, gg,
gg, gt, gg, and g g . According to eq 9 of Reference M , the gg (and of course also
g g ) conformations are (completely) suppressed, since the two bulky CHR groups
bonded to the methylenes would approach each other to less than 4 A. This corresponds
to the "pentane effect". In conformational energy calculations, the g state is
unfavorable and strongly suppressed in polystyrene. 14 - 15
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The exclusion of g conformation and gg conformations flanking the CHR group
has strong effects on the conformational statistics: Without g and gg conformations, the
trans content pt cannot be smaller than 0.5! The reason is that without g and gg, only tt,
tg, and gt sequences are possible. The smallest a-priori trans probability p t is obtained
with pure tg or gt sequences, which have a trans content of 0.5. This is argument is
valid regardless of the fact that flanking a CH2 group, gg sequences can still occur.
Quantitatively, with gg sequences unsuppressed and occurring statistically,
would expect the following joint probabilities ptt of trans-trans, and ptg of tg or gt,
conformations flanking a CHR group:
one
P& =(Pg )
2
Pa=(P,) 2 (2.1)
Pig = 2P<Pg
Piz = 2P<P*
On the other hand, without any g conformations and gg sequences, ptg + p tt = 1
.
Combined with the fundamental
Pg =P„+\plg (2.2)
which holds in all cases, we find p t = (l+ptt)/2, so that
ptl =2p,-\ = \-2pg (2.3)
P,R
- 2 - 2pt = 2pg
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with p, > 0.5 required. The dependencies of p„ on p, according to eqs 2.1 and 2.3 are
compared in Fignre 2.2. They coincide near p, = 1, where Pge nearly vanishes also in the
purely statistical case.
NMR Experiments
In the following, the three different 2D NMR experiments used here are
described briefly. For the three conformation-sensitive techniques, the dependence of
simulated spectral patterns on the torsion angle(s) is demonstrated. All the simulated
spectra are shown with the same parameters that produce the best fits to the
experimental spectra shown further below.
NMR Specifications
The experiments were performed on a Bruker MSL-300 spectrometer at a 13C
resonance frequency of 74.75 MHz, without sample rotation, in a Bruker probehead
with a 5-mm coil, providing 'H decoupling fields yBi/27t = 120 kHz and 13C 90° pulse
lengths between 2.4 and 2.8 us. The double-quantum 2D spectra were measured off-
resonance by 25 ppm from the downfield shoulder of the single-quantum spectrum in
the evolution time. For the spectra with pure dipolar couplings in coj, the irradiation
was on resonance (near the center of the powder spectrum). In all cases, the cosine
dataset was measured and processed to yield purely absorptive, non-quadrature spectra.
The frequency was switched on resonance during detection. In experiments with a
double-quantum filter or evolution, the double-quantum excitation and reconversion
delays were 2t = 400 (is. Recycle delays were 4 seconds, the CP times were 0.5 ms, and
40
Pt
Figure 2.2: Dependence of the trans-trans probability p tt on the trans probability p t
for statistical occurrence of trans and gauche, dashed curve, and with exclusion of gg
conformations (full line).
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z-filters 1 ms. Further parameters are given below in the discussion of the specific
experiments.
2D Correlation for Determining the 13CH2 Chemical-Shift Tensor
In our experiments, the 13CH2 chemical shift anisotropy (CSA) is used as a probe
of segmental orientation. '7 The chemical-shift principal values can be determined from
the limits and the maximum of the powder patterns. The orientation of the chemical-
shift tensor, which depends on the electronic structure, must be determined
experimentally, since a priori only rough estimates are available, based on the local
segmental symmetry and known chemical-shift tensors in similar compounds. »M8
Information on the tensor orientation is obtained in auxiliary 2D experiments correlating
the chemical-shift anisotropy with dipolar couplings, which reflect the well-defined C—
H and H—H internuclear vectors are described in Chapter 4.
Double-Quantum Experiment without 13C— 13C Decoupling.
A correlation of the two 13CH2 CSA orientations is obtained by double-quantum
experiments. The pulse sequence is shown in Figure 2.3b. Technical details and
applications of this approach to directly bonded 13C
—
13C spin pairs are described Ref. 7
and Chapter 1
.
Here, we apply the experiment for the first time to 13C sites separated by
two bonds (Figure 2.3a). Due to the larger internuclear distance, the dipolar coupling is
weaker, (8 = 2n 470 Hz, based on bond lengths and angles of Ref. 14
,
was used in the
simulations) which requires that the double-quantum excitation and reconversion
periods need to be longer. We chose a still relatively short value of 2x = 400 us to
eliminate effects of long-range couplings. The experiments were performed quite far
off resonance in coi (by 25 ppm from the downfield shoulder of the single-quantum
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13C CP
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DQ excite DQ reconv.
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Fully decoupled detection
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n
Figure 2.3: Double-quantum 13C CSA experiments and the torsion angles in l3C
labeled aPS which they reflect, (a) Diagram ofPS segment showing both 13C CSA
direction that are probed during the double-quantum experiment and the torsion
angles which they reflect, (b) Double-quantum experiment pulse sequence. The
spectral lineshape reflects the relative orientation of three interaction tensors, namely
the two CSAs and the 13C-13C dipolar coupling. Therefore, it depends on the torsion
angles around the two bonds between the coupled 13CH2 units, (c) Double-quantum
experiment pulse sequence with full dipolar decoupling. The frequency positions
reflect the relative orientation of the two CSA tensors and the two torsion angles.
The amplitude is also modulated by the 13C-13C coupling in the excitation and the
reconversion period.
43
spectrum; this corresponds to a 50-ppm offset for the double-quantum coherence in co,
This separates the double-quantum signal of the spin pairs from residual single-quantum
signal, due to their different offset dependencies. Forty time-data points in t, were
acquired, with increments of 40 us. For each t, point, 256 scans were averaged.
The efficiency of the double-quantum excitation and reconversion during the 2x-
periods depends on the 13C— 13C dipolar coupling and modulates the spectral
intensity. 33 This modulation can be minimized by averaging spectra for a series of x
values. However, in the experiments presented here, only a single value of 2x was
chosen. The double-quantum modulation leads to the pronounced minimum in the
center of the simulated spectrum of the trans-trans conformations (Figure 2.4a) along
the double-quantum (coi) dimension. These spectral components correspond to 13C—
13C internuclear vectors oriented near the magic angle with respect to the B0 field. From
Figure 2.4, it is apparent that the modulation results in further distinct differences
between the patterns of various conformations.
Double-Quantum Experiment with Full Decoupling
The spectra of Figure 2.4 still exhibit 13C— 13C dipolar splittings which may
complicate the spectral patterns along ©2. Complete dipolar decoupling during
detection by a multiple-pulse sequence with a ten-pulse cycle as described in Ref. 8
yields the simplest possible spectral patterns, correlating the chemical-shift sum
frequency cca+C0b with the individual frequencies coa and <x>b. Thus, the fully dipolar
decoupled simulated spectral patterns shown in Figure 2.5 directly reflect the relative
orientation of the two CH2 chemical-shift tensors, which depend on the torsion angles
around the two intervening bonds ij/ and (Figure 2.3a). The C— C orientation in
44
45
%) + BCQ «
46
13
the CSAs leads only to a modulation of the intensity distribution, due to the double-
quantum excitation/reconversion efficiency factor discussed above. Since it is known
analytical^, it can be included quite easily in the calculation.
Double-Quantum Filtered CC/CSA Correlation Experiment
It was demonstrated by Tomaselli et al.9 that the correlation of a two-bond 13C—
C dipolar coupling with the chemical-shift tensor of either site provides torsion-angle
information. As indicated in Figure 2.5a, as a function of torsion angle, the two-bond
13C
—
13C internuclear vector moves on a cone in the principal axes system of the 13CH2
chemical-shift anisotropy which is detected in the second dimension. Thus, the 2D
spectrum correlating the ,3C—13C dipolar coupling (5 = 2n 3/2 470 Hz in the strong-
coupling limit relevant here, based on bond lengths and angles of Ref. 14) with the
chemical-shift anisotropy depends on the torsion angle along the closer of the two bonds
separating the dipolar coupled 13CH2 groups. This is in contrast to one-bond 13C—13C
dipolar couplings, which are segment-fixed and thus torsion-angle independent in either
of the two segments. Figure 2.6b indicates how we modified this experiment as
necessary for our system by adding a double-quantum filter with 2x = 400 us that
suppresses the dominant signal of the isolated spins and by decoupling the 13C
—
13C
dipolar couplings during detection using the 10-pulse multiple-pulse decoupling
sequence of Ref. 8 . Figure 2.7 shows the torsion-angle dependence of the expected
spectral patterns.
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Figure 2.6: Double-quantum 13C-J3C dipolar/ 13C CSA experiments and the torsion
angles in ,3C labeled aPS which they reflect, (a) Diagram of PS segment showing
13C-13C dipolar coupling direction and 13C CSA direction that are probed during the
double-quantum filtered CC/CSA correlation experiment and the torsion angles
which they reflect, (b) Double-quantum filtered CC/CSA correlation pulse sequence
with fully decoupled detection. This experiment probes the direction of the
13C-13C
internuclear vector in the principal-axes system of the CSA. This probes the torsion
angle around the bond directly adjacent to the system whose CSA is detected.
A (+x -x -x +x) sequence is used for the 1 80° pulses applied during t,.
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Relations between Spectral Features
In the trans spectrum of Figure 2.7a and the trans-trans spectrum of Figure 2.4a,
the largest 13C- 13C dipolar splitting is observed at the right (c33) end of the spectrum,
along the foj ( C^—l3Cwh) and the co2 (coa , cob) dimension. This means that the 13C—
13C internuclear vector is directed along the a33 axis, which is seen to be indeed the case
in the trans and trans-trans conformations (see Figure 2.3a and 2.5a). The fact that the
large splittings are observed at a33 in the experimental spectra confirms the tensor
orientation obtained and explained in Chapter 4.
Symmetry Effects
Due to the symmetry of the chemical-shift tensor, identical spectra are obtained for
torsion angles symmetric around 0°, i.e. for ±i]/. This is also equivalent to symmetry
around 180°. Thus, g and g (or g
+
and g") are not distinguished. Nevertheless, in the
double-quantum experiments, gg and gg yield distinct spectra (see Figure 2.4e,f and
2.5e,f).
In the simulations, it was taken into account that torsion angles \j/ < 180°, in
particular g conformations, are less likely than positive torsion angles. However,
spectra for vj/i = vj/2 = 195° and = -v|/2 = 170°, where one torsion angle is < 180° and
therefore less favorable, are not safely distinguishable with the present resolution. As a
result, we could not test for the asymmetry in the trans peak predicted by Ref. 6 in
Figure 1.4.
Since the chain conformation is probed on the CH2 groups, which are not
pseudoasymmetric, the spectra do not depend on the configuration. This would be
50
13
different in experiments probing the orientations of the CHR segments, where trans-
trans sequences for meso and racemic dyads produce very different patterns.
Experimental Spert™ rompared to Simulated Spectra
Double-Quantum Spectra
Figures 2.8a, 2.9a, and 2.10a show experimental double-quantum spectra of the
CH2-labeled PS, without and with ,3C- 13C decoupling during detection, respectively.
Figure 2.9a is a "skyline projection" (i.e. a plot of the highest point in each row) of the
two-dimensional spectrum onto the double-quantum axis. The two-dimensional
patterns of Figure 2.8a and 2.10a exhibit the extended features of the trans-trans spectra
of Figures 2.4 and 2.5, in particular in the upper right of the spectra. Similarly, in the
projection, indications of two maxima are seen; compare the trans pattern in Figure
2.9(h). On the other hand, the absence of the pronounced "hole" observed in the center
the trans spectrum of Figure 2.9(h) as well as significant broadening compared to the
relatively narrow trans-trans ridges in the 2D patterns are due to the presence of other
conformations. Figures 2.8b, 2.9b, and 2.10b show simulations that provide the best
visual fits to the experimental spectra. The simulations are weighted superpositions of
the spectral patterns shown in Figure 2.4 and 2.5. They consist of 30% ft' with vj/i = \j/2
= 195°, 10% t"t" with \|/i = \|/2 = 220°, 55% gt' with y, = -70° and Vj/2 = 195°, as well as
5% gg with v|/i = \j/2 = -70°. According to eq 2.2, this yields a content of 68% of trans or
trans-like conformations.
The details of the weighting of the various contributions just listed are not
significant. The ratio of trans-trans and trans-gauche conformations is the parameter
that dominates the spectral lineshape. This is demonstrated by simulations with just two
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components, shown in Figures 2.8c, 2.9c, and 2.10c. They are made up of double-
quantum spectra with 40% of trans-trans and 60% of trans-gauche conformations.
According to eq 2.2, this yields a trans content of 70%, which corresponds to the RIS
model".". To achieve better agreement with the experimental spectra, v - 195° rather
than 185° suggested by the RIS models was used for the trans state shown in Figures
2.8d, 2.9d,and2.10d.
The RIS models 14-" yield ca. 70% trans conformations at 185° and ca. 30% of
gauche conformations near -70°. Corresponding simulations are shown in Figures 2.8d,
2.9d, and 2.10d. The trans ridges in these spectra are narrower and more intense than in
the experimental patterns. Similar RIS-based simulation with a trans torsion angle of
195°, displayed in Figures 2.8c, 2.9c, and 2.10c show a significantly better agreement
with the experiment. This indicates that the two coupled chemical-shift tensors are not
oriented parallel, but are rather rotated each by ca. 15° from the parallel orientation.
However, we cannot decide whether this rotation is due to deviations of the torsion
angles from 180° or due to variations of the orientation of the shift tensor with respect to
the CH2 segment, resulting from differences in the conformational and packing
environment.
To estimate the other end of the range of trans contents consistent with the
experimental spectrum, Figures 2.8(e), 2.9(e), and 2.10(e) show spectra simulated with a
trans content of 80%. Here, the ridges are rather narrow and the second maximum in
the projection is too pronounced.
Simulated spectra with a trans content of 53%, based on the torsion-angle
distribution of Refs. 5 -6
,
are shown in Figure 2.8f, 2.9f, and 2.1 Of. Compared to the
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experimental spectra, the patterns are too short in the double-quantum dimension and
too strongly broadened. Most clearly, the skyline projection in Figure 2.9f lacks the
second maximum observed experimentally and in the simulated trans-trans patterns. In
the simulations, 15% of trans-trans, 10% of gg, and 5% of gg conformations were
included. If gg conformations were excluded completely, the spectra would be nearly
identical to the pure gt' patterns of Figures 2.4 and 2.5, which deviate even more
strongly from the experimental pattern. These deviations indicate that the trans content
in aPS is significantly higher than 53%.
As pointed out above, the intensity at the upper right end of the spectrum of
Figs. 2.8a and 2.10a along the double-quantum coi dimension, is due to trans-like
conformations, where the frequencies coa and ©b are similar. In the gauche
conformation, no intensity is observed in this region. Interestingly, significant intensity
is observed in the center of the main splitting (in cross-sections along the co2 dimension)
in the upper part of the spectrum of Figure 2.8a. It should be absent if the two
frequencies coa and ©b were exactly identical (very-strong coupling limit). Its occurrence
shows that the chemical-shift tensors of the two coupled CH2 groups are not exactly
identical. This could arise due to deviations of the torsion angle from 1 80°, or due to
variations of the chemical shift tensors. Variation of the principal values as considered
in the simulations and described in the following section, combined with varying
chemical-shift tensor orientations as discussed above, reproduce this effect (see Figure
2.8b).
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CC/CSA Correlation Spectrum
Figure 2.1 la shows the experimental CC/CSA correlation spectrum of 13CH2-
labeled PS obtained with the pulse sequence of Figure 2.6b. Comparison with the
simulated spectra of Figure 2.7a clearly show that trans conformation contribute
significantly to the experimental spectrum. On the other hand, the ridge along co, = 0,
which makes up less than 20% of the integrated intensity, is observed in none of the
simulated spectra, since any contribution with small dipolar couplings in this range
should be suppressed by the double-quantum filter. Therefore, this must be an artifact
resulting from incompletely suppressed signal from the isolated spins.
The experimental spectrum in Figure 2.1 la is compared with two simulations
with different trans-gauche ratios. The 65:35 ratio used for Figure 2.1 lb is relatively
close to that of RIS simulations of Refs. 14,15. However, rather than just two sharp
contributions from trans and gauche, a broadened torsion-angle distribution was used,
which improves the agreement with the experimental spectrum. Figure 2.1 lc is based
on the torsion-angle distribution of Ref. 14
,
which has a trans content of ca. 50%. The
simulation with the higher trans content reproduces the strong feature near cr33
somewhat better.
Line-Broadening Effects
From the MAS spectrum described in Chapter 4, it is known that significant
chemical-shift dispersion exists in aPS. This is typical for vinyl polymers36 '49
.
Therefore, in all the simulated double-quantum spectra, variations of the principal
values of the chemical-shift tensor were considered. Twenty seven spectra with
different combinations of principal values were coadded. The values used were -7 ppm,
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0, and +7 ppm around ct,
„ 0, ±8 ppm around or22 , and 0, ±5 ppm around ct33 . Each
combination was given equal weight. These values will approximately reproduce the
variations in the isotropic chemical shift a iso = (an+a22+c33)/3 as observed
experimentally in the MAS spectrum. It was found that the effect of the variation of the
principal values can not be fully emulated by simple line broadening.
In addition to the variation of the principal values, spectral line broadening was
applied, with a root-mean-square width of ct = 1.6 ppm perpendicular to the line of
slope two, and of ct = V5 • 5 ppm along that line. The different broadening along these
directions has been observed to a larger or smaller extent in all double-quantum spectra
that we have taken so far. It is probably due to similar local fields, for instance due to
susceptibility effects, experienced by both spins in the 13C— l3C pair. As a result of
such a local field, the resonance is displaced by 2Aco in the double-quantum and Ao in
the single-quantum dimension. This displacement of Aco (2, 1) leads to a broadening by
V5 Aco along the line of slope two. Inhomogeneity of the B0 field due to a poor shim
would produce this kind of broadening, but was found experimentally to be smaller than
the observed effect by more than an order of magnitude.
Spectral Effects of Longer Spin Sequences
As calculated in Chapter 1 , 64% of the non-isolated 13C monomers in our
polymer sample are in isolated 13C monomers pairs. For the 24% in three 13C monomer
sequences and 8% in longer n- C monomer sequences, multiple-quantum coherences
(up to order n) can be excited, of these, only the double-quantum and six-quantum
coherences yield signal after reconversion-pulse and receiver phase cycles. Fortunately,
several factors reduce the complicated spectral patterns resulting from the longer
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sequences in the observed 2D spectrum, in particular at short x values as used in the
experiments here: (i) In a significant number of three-spin systems, the segmental
orientations are such that only one 13C- 13C coupling is strong while the other IS so
weak (|cocc2t| « 1
,
see below) that it can be neglected and the system can be
approximated as a two-spin system. For |cocc/27t| < 200 Hz and 2x = 400 us, this
condition is fulfilled since |cocc2x| < 0.52; this applies to -35% of all 13C—13C
couplings in our sample. Under these conditions, only -16% of the observable spins
(defined, for this estimate, as having at least one coupling with |©cc2t| > 0.52) are in
relevant three-spin sequences and ~ 8% in longer sequences. Thus, -75 % of the
observed spins are effectively in spin pairs, (ii) The signal of systems with two (or
more) strong dipolar couplings is significantly reduced (by a factor of
-0.5), because the
passive coupling interferes with the double-quantum excitation by the active coupling,
(iii) The most significant effect of the passive coupling in the spectrum is a dipolar
splitting in the double-quantum dimension, which reduces the signal intensity but is
relatively small (20%) compared to the chemical-shift effects. Taken together, effects (i)
and (ii) allow us to estimate that -86% of the observed signal is from spins effectively
in strongly-coupled spin pairs. The background of longer strongly coupled sequences
will thus be relatively weak and, in addition, reduced in height due to broadening by
multiple splittings.
Negligible Strength of Interchain Couplings
n i o i o
Since all chains are 25% C-labeled, interchain C— C couplings might be
suspected to affect the spectrum. However, due to the large phenyl sidegroups, the
distances between PS backbones are typically > 5A. For instance, in closely packed
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crystalline IPS, the smallest cenler-to-eenter distance oftwo chains is 6 A, which
corresponds to a 35-1 Iz l3G-»C coupling. This is 12 times smaller than the 2.6-A two-
bond coupling. Within the relatively short 2x 400 ps, the double-quantum excitation
efficiency of such interchain couplings is only 1% of that ofthe two-hond coupling, and
can therefore be neglected.
Trans-Gauche Ratio
In the analysis of the conformational statistics, it is reassuring to note that even
though the repeat unit of polystyrene consists oftwo different carbon sites, there is only
one type of backbone bond, CI I(I >h)-CH 2 , which is equivalent to CI l2-CH(Ph). Thus,
one torsion-angle distribution is sufficient to describe the one-bond conformational
statistics. The CC/CSA correlation experiment samples these bonds statistically. The
double-quantum experiments measure joint probabilities of the conformations around
two successive bonds. Again, signals from all kinds of conformations are sampled
equally, and no bond is counted twice.
The main result of this work is the trans content of 68 d 10% in the backbone of
atactic polystyrene, which is consistent with predictions by rotational-isomeric-stalc
calculations 14 - 15 but is higher than in two recent atomistic modeling studies by Rapold
et al. 6 and Khare et al. 5 that yield trans contents of 51% and 55%, respectively. This
suggests that the conformational statistics of aPS are determined by intramolecular
rather than intermolecular interactions. The significant deviation between the
experimental spectrum and the spectrum simulated based on atomistic modeling is
particularly clear in the double-quantum skyline projections of figure 2.9a,f. Generally,
regardless of the degree of sophistication of the spectral simulations, for a trans fraction
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near 70% the relatively best agreement with the experimental spectra was found. The
main conclusion is also unaffected by a -15% contribution of broad background signals
that may arise from multispin contributions to the spectrum; these would only reduce
the relative amount of the sharp trans patterns and thus lead to an under- rather than an
overestimate of the trans content. The combination of the two versions of the double-
quantum experiment, with and without 13C— 13C decoupling during detection, together
with the CC/CSA correlation provides valuable constraints to the spectral fits. The
tentative y-gauche analysis of the MAS spectrum in Chapter 4 also agrees with a
relatively high trans content. In comparing with the simulation of Khare et al. 5
,
it is
relevant to note that in that work the content of meso dyads was 12% lower than in our
sample. An increase in the fraction of meso dyads is expected to reduce the trans
content, which would bring this simulation in closer agreement with that by Rapold et
al. 6 (trans content of 51%) and into stronger disagreement with our experimental
results.
The main limitation of the experiments presented here arises from the use of the
chemical-shift anisotropy, which is somewhat variable due to long-range conformational
and packing effects. In future experiments, we will eliminate this problem by exploiting
other, less variable interactions, such as dipolar or quadrupolar couplings.
Summary
A novel solid-state NMR approach for characterizing the conformation of vinyl
polymers has been presented. In samples that are C-labeled in one backbone site at a
level of~ 25%, non-bonded 13C
—
13C spin pairs are selected by double-quantum
filtering. The experiments are demonstrated on CH2 labeled atactic polystyrene. Their
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chemical-shift tensor orientation is estimated by correlations with *H—1H, l3C—1H,
13 13
and C— C dipolar couplings described in Chapter 4. Carbon 1 3-coupled and ,3C-
decoupled double-quantum spectra as well as double-quantum-filtered CC/CSA
correlation contain significant features indicative of trans or trans-trans conformations.
In spite of significant broadening by chemical-shift dispersion, the data are sufficient to
provide the first experimental estimate of the trans probability, 68% (± 10 %), in the
polystyrene backbone. This value agrees well with predictions based on rotational-
isomeric-state models, but is inconsistent with recent atomistic models suggesting that
the conformational statistics of aPS are dominated by intramolecular interactions rather
than intermolecular interactions.
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CHAPTER III
CHARACTERIZATION OF POLYSTYRENE CONFORMATION BY SOLID STATFNMR CORRELATION OF C-2H AND 13C-' 3C BOND
Introduction
Two-dimensional solid-state nuclear magnetic resonance (NMR) provides
of the best available techniques for characterizing the backbone torsion angl
amorphous solid polymers 9,10,34,50. So far, most of such NMR investigations have
involved chemical-shift anisotropics (CSAs). For instance, as described in Chapter 2,
double-quantum correlation of the CSAs ofCH2 groups in neighboring segments of
polystyrene (PS) has revealed -68% trans conformations. »° However, due to
uncertainties of the chemical-shift tensor orientation, the width of the maxima in the
torsion-angle distribution could not be determined with sufficient precision. In addition,
g and g conformations could not be distinguished, for symmetry reasons.
In this chapter, we introduce a two-dimensional (2D) NMR experiment to obtain
information on polymer backbone conformations based on well-defined interactions that
are oriented along specific bonds. This is achieved by correlation of the 2H quadrupolar
coupling, which probes the C—2H bond direction, with the 13C— 13C dipolar coupling,
which is directed along the backbone bond of an adjacent segment. The symmetry of
these interactions is such that g conformations give different spectral patterns than g
and t conformations; the latter two, however, produce similar features. Due to the
reliable orientation of the principal axes of the NMR interaction tensors along specific
bond directions, the position and width of the dominant trans maximum in polystyrene
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can be determined. The sample used is a random copolymer of [a+p-' 3C]styrene and
[a-2H]styrene.
Polymer Synthesis
Poly([a+p- 13C]styrene-co-[a-2H]styrene): Unless otherwise noted, materials
were obtained from commercial suppliers and used without further purification. The
[a-2H]styrene (Cambridge Isotope) and [a+p- 13C]styrene (Isotech) were inhibited with
10 ppm 4-tert-butylcatechol. To a 20 ml ampule containing a stirbar was added
[a-2H]styrene (0.9 ml) and [<x+p- I3C]styrene (0.10 ml). Benzene (0.4 ml) and 0.4 %
AIBN (2,2'-azoisobutyronitrile) (w/w) in benzene (0.4 ml) were added to the 20 ml
ampule with a syringe. The mixture was then subject to freeze/pump/thaw cycles three
times to remove any dissolved gases. Still under vacuum, the mixture was placed into a
65 °C temperature bath for 24 hours. The resulting poly([a+p- 13C]styrene-co-[cc-
HJstyrene) was dissolved in 10 ml of benzene and then filtered. The filtered solution
was precipitated in 300 ml of methanol, filtered, and washed with 100 ml of methanol.
The white polystyrene was dried under vacuum.
_ 1
3
The C labeling level of 1 0 % provides a sufficiently strong 13C signal (see
Figure 1.1 1) but also ensures a sufficiently large typical distance between 13C's in
different segments. Due to the 90% deuteration, most 13C— 13C pairs are only two
bonds from a deuteron, so that the 13C
—
2H transfer is relatively efficient.
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Explanation ofNMR Experiments
In this section, we discuss the NMR pulse sequence and the related requirements
of decoupling of various interactions, and the dependence of the two-dimensional
spectral patterns on the torsion angle.
NMR Specifications
The NMR experiments were performed at a field of 7.0 Tesla on a Bruker DSX300
spectrometer using a 4-mm triple-resonance MAS probehead, but without sample
rotation. Typical radio-frequency field strengths yB,/27i were 105 kHz for !H
decoupling, 60 kHz for 13C and 90 kHz for 2H. The best signal was obtained with 2H
pulses of 2 us, which is shorter than the 90° pulse length of 2.9 us. A lH- 13C cross-
polarization (CP) time of 0.5 ms and a heteronuclear-coherence excitation period of
1.75 ms were used. Twenty-four time-data points in ti were acquired with increments
of 2 us, For each ti point, 512 scans were averaged. Total time for the spectrum of was
50 hours.
2
H/ 13C
—
13C Correlation Pulse Sequence
t ^ 2 13 13The H/ C
— C correlation experiment, with the pulse sequence of Figure 3.1,
correlates the H quadrupolar interaction in the ©i dimension of the 2D spectrum with
13 13
the C— C dipolar coupling in ©2. The resulting spectral patterns provides
information on the relative orientation of the 13C
—
13C and C
—
2H bonds.
Figure 3.1a schematically shows parts oftwo PS repeat units, one containing a
C
—
2H group, the other a 13C
—
13C pair in the backbone. A large number ofNMR spin
1 "X 1 1*2
couplings must be considered in this system. In addition to the H— C, H— C, and
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(4)
Excitation polar evolution Reconversion
Figure 3.1 : The 2H/ 13C- 13C correlation experiment and the relevant nuclear spin
interactions in C2H(Ph)/13CH2- 13CH(Ph) labeled aPS. (a) Diagram showing nuclear
spin interactions relevant in the 2H/13C-13C correlation experiment of isotopically
labeled polystyrene, (b) Pulse sequence for correlating the 2H quadrupolar coupling
in Tj/ci)! with the pure 13C- 13C dipolar coupling in x2/o)2 .
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Iti 1
13
H- H dipolar couplings, and the 2H quadrupolar coupling indicated in Figure 3.1a, the
C chemical shift interaction must also be taken into account.
The product-operator treatment of the 2H- 13C heteronuclear multiple-quantum
coherence (HMQC) experiment is different from that of the usual spin- 1/2 HMQC since
H is a spin-1 nucleus; it is described in literature. 51 Nevertheless, the same
heteronuclear coherence Sx Lx is central in this experiment for spin- 1/2 and spin-1. To
generate this heteronuclear coherence, the heteronuclear dipolar coupling must act
undisturbed on transverse 13C magnetization or coherence. Therefore, the two orders of
* j 2
magnitude stronger H quadrupolar coupling must be removed. In the pulse sequence of
Figure 3.1b, this is achieved simply by ensuring that the 2H component of the coherence
remains along the z-direction, so that it commutes with and therefore remains unaffected
by the quadrupolar interaction.
The decoupling of the 13C
—
13C dipolar coupling is more challenging. The
"complete decoupling" scheme with a basic 10-pulse cycle8 used in Chapter 2 is also
used here combined with strong heteronuclear decoupling. The 10-pulse cycle
parameters can be optimized using a pulse sequence closely resembling that of Figure
3.1b, only with the H pulses removed and the receiver phase correspondingly altered.
Delays and pulse lengths are optimized near their theoretical values to retain the outer
parts of the C— C dipolar Pake powder pattern observed after application of the
multiple-pulse sequence. During the ti period, the strong quadrupolar coupling
dominates the evolution of the coherence. Still, the evolution period is placed into the
* 13
large window of one cycle of the "complete-decoupling" sequence to minimize C
—
13C dipolar effects for long evolution times ti. This is possible since the longest
2H
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evolution time necessary is shorter than the window length of 34 us. A ,3C 1 80° pulse
at the center of the heteronuclear-coherence excitation and reconversion period
refocuses the 13C chemical shift. During detection, in order to detect the pure 13C- 13C
dipolar coupling, the 13C chemical shift and the 13C-2H dipolar coupling are refocused
by a series of 1 80° pulses on the 13C channel; the magnetization is detected in the center
of the 50 us windows between the pulses.
In the case of polystyrene, a short 13C T2 (spin-spin) relaxation time, apparently
independent of the [H decoupling field strength, makes this experiment particularly
challenging.
Torsion-Angle Dependence of Simulated 2D Patterns
Figure 3.2 shows examples of 2H/ 13C- I3C NMR correlation patterns, for t, g,
and g conformations as defined by the Newman projections at the top. Due to the
symmetry of the one-dimensional dipolar and quadrupolar patterns, the two-dimensional
patterns are symmetric in both dimensions. This means that the same spectral pattern,
shaded gray for the trans conformation in Figure 3.2, repeats 2*2 = 4 times in the
spectrum. Since the various "copies" overlap, the clarity of the spectrum is reduced
compared to a "single-transition" spectrum as obtained when chemical shift anisotropics
are correlated. 8
Figure 3.3a displays a series of 2H
—
13C correlation spectra for various torsion
angles. The top row represents patterns for conformations near g , the second row
spectra for torsion angles near t or g, and the third some examples for torsion angles
between t and g. In Figure 3.3b, the spectrum for random relative orientations ofC
—
2H
and C— C bonds is shown. It was generated as the product of the H and C powder
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Figure 3.2: Distinction between t/g and g conformations, and examples of 2H/ 13C- 13C
correlation patterns. Top: Newman projections, showing that / and g conformations
have similar 13C-13C-C-2H torsion angles \jfCD/cc ~ 60°, while g has a 13C-13C-C-
2H torsion angle Vcd/cc ~ 180°- two-dimensional spectral patterns shown at the
bottom reflect the fact that the 13C~13C and C~2H bonds are nearly parallel in the
conformation, very different from the g and t conformation.
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200° -80° 220°, -100° 240° = -120°
Figure 3.3: Series of 2H/ 13C- 13C correlation patterns as a function of torsion angles,
with a heteronuclear-coherence excitation time of 1 .75 ms. The line broadenings
applied to the spectra are comparable to those of the experimental spectrum shown
in Figure 3.5a. (a) The angles in the top row are close to g; those in the second row
are close to t and g; the patterns in the third row show that near \|/ = 240° or 120°, the
angular resolution is much lower than near 180° and 60°. (b) Spectrum for random
distribution of relative orientations of the C-2H and 13C-13C bonds, (c) Spectrum
with \\f = 105° or 15°. It has the same (3CD/ce value of 42° as the spectrum directly
above it (y = 240° or -120°), but with a different (3CD/CC value. Due to different
double-quantum excitation factors, the spectra are not identical, and the torsion
angles ofy = 105° and 240° can be distinguished.
71
spectra, but for one "transition" only, and the resulting pattern was reflected at co, = 0
and co2 = 0 to generate all four subspectra, which were added up. Note that it is not the
sum of the spectra for all torsion angles y, since these represent rotations around only
one axis
The quantity measured directly by the spectral lineshape is pCD/cc, the angle
between the C—2H and the 13C—13C bond directions. As is well known from 2H NMR.
the fundamental 2D powder pattern for uniaxial interactions consists of an elliptical
ridge and two straight "90° ridges" connecting the ellipse with one corner of the
spectrum. 17 -52 The shape of elliptical ridge pattern is related to pCD/cc according to
tan(pCD/cc) = |b/a| (3.1)
where b and a are half-axes of the ellipse. 17 '52 Here, it is assumed that the anisotropy
parameters 8 in both dimensions are scaled to the same length in the plot.
The angle Pcd/cc depends on the dihedral angle \}/cd/cc (the angle between the
projections of the C—2H and 13C—13C bonds), on the C—13C—13C bond angle 9Ccc,
and on the 2H—C
—
13C bond angle 0Dcc (see Figure 3.4a). The relation is
cos(pCD/cc) = cos(9Dcc)cos(0ccc) - sin(eDcc)sin(eCcc)cos(\|/cD/cc) (3.2)
according to the cosine theorem of spherical trigonometry, which is easily derived by
calculating the dot product between the C— H and C— C direction expressed in
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torsion angle, \j/
Figure 3.4: Angles relevant in the torsion angle measurement of
2H/ 13C- 13C
labeled polystyrene, (a) The bond angles 6Ccc and 0DCc are defined by C-
13C- 13C
and 2H-C- 13C. The torsion angles \j/Cd/cc and \|/ are defined by
2H-C-13C-13C
and C-C- 13C- 13C. (b) Dependence of the angle pcD/ccon the torsion angle y
shown in eqs 3.2 and 3.4. The solid line is the plot of eq 3.2 as shown while the
dotted and dashed lines creating a valley represent the true dependence of y on
Pcd/cc shown in eq 3.4. The dashed line shows the dependence of pCD/cc
when
©ccc
= 9dcc = 109.5.
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polar coordinates in a system where the C- ,3C axis is the z-axis (where the first C
refers to the carbon bonded to the deuteron).
To obtain the relevant dependence on the conventional torsion angle vi/, we note
that
vj/cd/cc - V + 120° , or i|/ = v|/CD/cc - 120° = yCD/cc + 240° (3.3)
which can be quite easily verified on the Newman projections of Figure 3.2. Combining
eqs 3.2 and 3.3, the angle pCD/cc is plotted in Figure 3.4b as a function of the torsion
angle y. The dashed line shows the dependence obtained if perfectly tetrahedral C—
13 13 2 13C
—
Cand H—C
—
C bond angles are assumed; the full line is the case of more
realistic bond angles of 0Ccc = 1 14° and 8Dcc =107°. 13
According to eq 3.1, spectra for ±i|/Cd/cc are identical, since cos(h/Cd/cc) = cos (-
M^cd/cc). Inserting this into eq 3.2, we conclude that for angle pairs \\j± = 240° ± Ay, e.g.
for 220° and 260°, or equivalently for vj/± = 60° ± Ay, the same spectra are observed.
This is confirmed by equal Pcd/cc values for these torsion-angle pairs, see Figure 3.4b.
Normally, NMR measurements cannot determine the polarity of the internuclear
vectors, and therefore Pcd/cc= P and Pcd/cc' = 180°- p should give the same spectrum.
A variant PcD/ccr of Pcd/cc that is suitably restricted to 0° < Pcd/cc' £ 90° (see dashed
line in Figure 3.4b) can be obtained from
cos(PcD/cc
r
) = I cos(0dcc)cos(9ccc) - sin(0DCc)sin(0ccc)cos(vj;cD/cc) I (3.4)
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However, the excitation factor of the 2H- 13C coherence can break this
symmetry. Therefore, two torsion angles v and y' with Pcd/cc^) = Pcd/ccV) but
Pcd/cc(v|/) * Pcd/ccCiiO have similar but not equal spectral patterns. An example is
shown in Figure 3.3, where the outlines of the pattern shown in (c), with pCD/cc
r(105°) =
42° and pCD/cc(105°) = 42°
,
match those for the pattern right above it for y = 240°,
which has the same pCD/cc
r
(240°) = 42°; however, details of the intensity distribution
are different because Pcd/cc(240°) = 139° is not the same as for the pattern in Figure
3.3c.
Simulated Spectral Patterns for t, g, and g States
The top row of Figure 3.2 shows the Newman projections of the trans (t), gauche
(g) and gauche-bar ( f ) states.4 - 12 > 13 ^ the g conformation, the bulky sidegroup and
chain continuations are all on one side. Correspondingly, the g state is always less
populated than the g state. In the RJS model of Flory, the g state is completely
absent. 13
As shown in Figure 3.2, the symmetry of the interactions probed is such that t
and g conformations have nearly equivalent \j/cd/cc dihedral angles of \j/Cd/cc « ± 60°,
while g has a distinct vj/Cd/cc « 180°. If the bond angles in PS were all exactly
tetrahedral, the exact v|/Cd/cc =180° g pattern would consist of a cross of two perfectly
straight ridges, along the diagonal and antidiagonal. This can be easily understood from
the fact that this would lead to the 13C
—
13C and C
—
2H bonds being exactly parallel.
Mathematically, eq 2 for v|/Cd/cc = 180° and 0dcc = ©ccc (which is actually a weaker
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requirement than tetrahedral bond angles) yields(W = 0. However, the simulations
were performed with more realistic bond angles of eDCC = 107° and 0CCc = 1 14V 3
which lead to non-parallel C-2H and 13C- I3C bonds, and spreading of the straight
ridge into narrow ellipses, even for vj/CD/cc = 1 80°.
Results and Discussion
Experimental 2H/ 13C— 13C 2D Pattern
Figure 3.5a shows the experimental 2H/ 13C— 13C correlation spectrum obtained
for polystyrene. The degree of symmetry in co2 is a measure of the quality and reliability
of the data. In co,, the symmetry is artificially created because only a cosine data set was
recorded, which does not permit discrimination of the sign of the frequency. The outer
regions of the spectrum in ©i, where the quadrupolar coupling is larger than the B, field,
are notoriously poorly excited in
2H quadrupolar spectra. 20 This is also the case in the
spectrum of Figure 3.5a. The effect of the pulse-width induced dead time in the 2H
dimension, which manifests itself most prominently in a suppression of the broad center
of the spectrum with respect to the peaks, was reduced by back-extrapolation of the time
data by half a dwell time (i.e. 1 us) in t ( .
The experimental pattern contains an intense vertical ridge in the center, due to
naturally occurring isolated C. Given that only two out of eight carbons are labeled in
10% of the repeat units, the C nuclei in natural abundance make up 8*0.9*0.01 1/
(2*0.1) = 40 % of all 13C's in the sample. In the spectrum, they account for 30 to 40%
of the intensity. Their signal is so intense for several reasons: (i) its width in ©2 is
small; (ii) in C— H groups, the coherence transfer is more efficient than in the two-
bond case; and (iii) due to its weak l3C
—
13C dipolar coupling, it decays more slowly in
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60° 180° 300° 60° 180° 300° 60° 180° 300° 60° 180° 300°
Figure 3.5: 2H/ 13C- 13C correlation patterns of poly([a+(3- 13C]styrene-co-[a-
2H]styrene). For the simulations, the distribution of torsion angles used is shown
above or below each simulated spectrum, (a) Experimental spectrum, (b) Best
simulation found, based on a RIS model with ±8°-wide trans peak centered at 1 85°;
the remainder of the torsion-angle distribution is the same as in (c). (c) Simulation
with ±15°-wide trans peak centered at 180°. (d) Simulation with ±30°-wide trans
peak centered at 1 80°, with 25% of a random-orientation spectrum added, (e)
Simulation with ±30°-wide trans peak centered at 1 80°. The arrow points at a ridge
that is significantly too low, compared with the experimental spectrum in (a), (f)
Same as (e), but with 25% of a random-orientation spectrum added, (g) Same as (e),
but with 40% of a random-orientation spectrum added, (h) Simulation with ±15°-
wide peaks, with trans centered at 200°, and 25% of a random-orientation spectrum
added. The random-orientation contribution is plotted as a constant across the
torsion-angle distribution.
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the heteronuclear coherence excitation and reconversion periods. In principle, this ridge
of the isolated spin pairs could be suppressed by a double-quantum filter,™ but this
would unacceptably reduce the signal-to-noise ratio.
Comparison with Simulated Patterns Using Model Torsion Angle Distributions
Comparison of the experimental spectrum of Figure 3.5a with the patterns of
Figure 3.3 clearly shows that the predominant torsion angles are near the t and g
conformations. Figure 3.5b-f show spectra simulated based on various torsion-angle
distributions. At first sight, the main features, for instance the dominant square of
ridges in the center of each spectrum, are similar for all the spectra shown. This is not
surprising, given that the t and g states dominate the torsion-angle distribution in all the
models used.
As the series of spectra in Figure 3.3 shows, the spectral region with the highest
sensitivity to the torsion angle is that outside the central square. In this area, in
particular on the left and right, significant differences between the simulations of 3.5b-f
can be observed. To facilitate comparison of the intensity distributions in these
shoulders, their intensity distributions have been added up, and the resulting 2H spectra
displayed (thick lines) in Figure 3.6. For reference, the nearly invariant integral
projection of each full spectrum onto the coi axis is shown below (thinner lines). The
spectra in Figures 3.5b and 3.6b and Figures 3.5c and 3.6c are in reasonable agreement
with the experimental spectra Figures 3.5a and 3.6a. The model of Figures 3.5b and
3.6b has a t content of 68% and a g fraction of 13%, which is essentially invisible at the
contour levels shown (see discussion below). The peaks in the torsion-angle
distribution are relatively narrow, approximately ±8° (which corresponds to a full width
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100 kHz
Figure 3.6: One-dimensional 2H spectra obtained by adding the signals of the "o^-
shoulders" of the spectra in Figure 3.5. Below each of these partial projections, the
corresponding full projection onto the o^-axis is shown for reference. The parameters
for (a) - (h) are the same as for the corresponding parts of Figure 3.5. The decreased
intensity at the outermost shoulders in (a) is due to the well-known excitation problem
in 2H NMR, which arises because the B
l
-field of the pulse is weaker than the
strongest 2H quadrupolar couplings.
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at halfmaximum of 19°). The model* (also called Packing Model #11 in Figure 1.4) of
Figures 3.5c and 3.6c exhibits peaks at 180° (56%), 300° (24%) and 60° (20%), with
widths of approximately ±15°. The deviations from the experimental spectra Figures
3.5a and 3.6a are larger for the spectra in Figures 3.5d and 3.6d, which were produced
using trans and gauche peaks of±30° widths.
Major differences are observed between the experimental spectra of Figures 3.5a
and 3.6a and the spectra of Figures 3.5e and 3.6e, which are based on atomistic
simulations* (also called Packing Model #1 in Figure 1.4). The horizontal ridges clearly
observed near the left and right ends of the experimental spectrum are absent in the
simulation. Instead, an arc pattern is observed in the 2D spectrum of Figure 3.5e, which
is also recognized in the spectra of the third row of Figure 3.3, for \\i angles between
200°/-80° and 240°; in the one-dimensional pattern of Figure 3.6e, this leads to a filling-
in of the central part of the spectrum. Indeed, in the model of Ref.6
,
the trans peak is
shifted to 200°, and the 200° - 280° (i.e. -80°) region between t and g is strongly
populated, since the peaks have a width of ±30°. The short-comings of this distribution,
which are clearly shown here, have also been recognized in more recent work by Suter
and coworkers.53
By unfortunate coincidence, the 2D pattern for the t = 180°) and g = -60°)
conformations resembles that of random relative orientations of C
—
2H and 13C
—
13C
bonds, Figure 3.3b. The random orientation spectrum must be taken into consideration,
since a small fraction of more or less random long-range correlations is observed in
many correlation spectra in amorphous materials. 54 -55 To assess the potential effect of
such a random background on the simulated spectra of Figures 3.5e and 3.6e, 25% of
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the random component was added to 75% of the spectrum for the ±30°-model. The
resulting spectra, Figures 3.5f and 3.6f, still show significant deviations from the
experimental patterns. Only with 40% or more of a random component, Figures 3.5g
and 3.6g, does the ridge marked by an arrow in Figure 3.5f, and the corresponding
"horn" in Figure 3.6f, become prominent enough to start matching that in the
experimental spectrum. However, from comparison with similar 2H—,3C correlation
experiments on PAN54
,
where the trans-trans patterns are narrow (similar to the g
patterns of Figure 3.2 and 3.3), so that the random background can be identified quite
easily, it is known that such a random background accounts for less than 40% of the
total intensity. For the 8°- and 15°-models, Figures 3.5b and 3.6b and Figures 3.5c and
3.6c, addition of the random component actually decreases the quality of the fit to some
extent. The difference between Figures 3.5a and 3.6a and the simulation of Figures 3.5h
and 3.6h, with a ±15° peak at 200°, shows that a trans peak at 200°, even if it is narrow,
can be ruled out.
Gauche-bar Signal
In principle, the shape of the g pattern is very distinct, see Figures 3.2 and 3.3.
However, neither in the experimental spectrum of Figure 3.5a nor in the simulations of
Figure 3.5b-f is it observed specifically. A number of factors conspire to make the g
signal hard to detect: (i) High angular sensitivity near g (see top row in Figure 3.3),
which, given the wide (±20°) range of g angles in the models, spreads the signal out
over a wide spectral area; (ii) the insufficient excitation of the signal for the largest H
quadrupolar couplings, i.e. near the outer edges of the H pattern, where the g signals
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come together to form a (still broad) peak; (iii) dominance of the combined g and t
patterns; (iv) possible "ditches" along the crossing diagonals (see 170° and 190° spectra
in Figure 3.3) that cancel the g signals in the central region of the spectrum. For these
reasons, it is not possible to detect broadly distributed g conformations at
concentrations of less than 30%. Given the -30% total gauche content ( g and g
combined) in atactic polystyrene") determined in Chapter 2, this sensitivity is
insufficient.
Summary
The backbone torsion angle distribution in aPS was investigated by correlating
H quadrupolar and 13C— ,3C dipolar NMR interactions, which probe well-defined bond
directions. The experimental data show that the maximum in the torsion-angle
distribution in aPS is centered at 1 80° ± 1 5°, and that the trans peak is relatively narrow
(<30°). This excludes a recent model with a trans maximum at 200° ± 30° in the
torsion-angle distribution. While the experiment can in principle identify g
conformations based on their distinct lineshapes, a combination of various factors
prevents the detection of broadly distributed g conformations at concentrations of less
than 30%.
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CHAPTER IV
SUPPLEMENTAL NMR EXPERIMENTS FOR STRUCTURE DETERMINATION
OF ATACTIC POLYSTYRENE
Introduction
To determine polymer backbone torsion angle information using double-
quantum NMR as explained in Chapter 1 and demonstrated in Chapter 2, experimental
NMR spectra are compared with simulated spectra. To produce accurate simulation,
several parameters must be known. One important concern is the motional state of the
polymer during the NMR experiments. Is the polymer a rigid solid, or is it vibrating
causing motional narrowing of the spectra. This is determined by studying motional
amplitudes of the polymer backbone in aPS below the glass transition temperature (Tg)
using 2H NMR. In the 2D DQ-experiment of poly([p- 13C]styrene-co-styrene), the 13CH2
chemical shift anisotropy (CSA) is used as a probe of segmental orientation. The
orientation of the chemical-shift tensor, which depends on the electronic structure, must
be determined experimentally, since only rough estimates are available. To add to that,
the bond length and bond angles in the backbone of aPS must be accurately known. The
bond angles will be calculated by measuring internuclear distances between 13C's in 13C
labeled aPS polymers using the 13C dipolar coupling strength. The MAS spectrum of
pure CH2 groups is useful when trying to determine line broadening effects. The
isotopic labeling of the poly([a- 13C]styrene-co-styrene) and poly([P-
13
C]styrene-co-
styrene) sample allowed us to obtain a clean MAS spectrum of the 13CH(Ph) and l3CH2
units for the first time. Prior to this study, the MAS spectrum of natural abundance aPS
showed an overlap of the CH2 and CH(Ph) signals that makes analysis of the pure
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is a
CH2 nearly impossible. With the separation of the two signals, a conformation
analysis on the pure »CH2 MAS spectrum using the y-gauche effect is now also
possible.
Determination of Backbone Motion in PolvrrR- 13ri ,.Tr.n.-.0.ra.2H1stvrenp) , 2„
NMR with *H DgcouBling
Molecular motion and relaxation studies of polystyrene using different
techniques have been discussed extensively in the literature. Deuterium NMR
powerful tool to study the different molecular motion of polymers and several 2H NMR
studies of molecular motion of PS have been published.56-58 This study win examine
motional amplitudes of the polymer backbone in aPS below the glass transition
temperature (Tg) using
2H NMR. Lineshape analysis of 2H NMR spectra from 2H's
directly bonded to backbone carbons in aPS are used to analyze the motion of the
polymer backbone. In particular, information about the motional amplitudes of aPS at
room temperature is of interest because other NMR studies of aPS including Chapters 2,
3, and 4 are performed at room temperature. Molecular motions determined by 2H
NMR will provide information on the amount of motional averaging occurring in
1
3
and C NMR spectra of aPS and can be included in the determination of torsion angle
distributions.
Deuterium labeled polystyrene used in different studies found in the literature
are PS-d3, PS-d5, and PS-d8, where the backbone, phenyl ring, and entire polymer are
H labeled. In our study, PS-dl was used with only the alpha carbon to the phenyl ring
2H labeled (Figure 4.1). This type of labeling will reduce the 2H
—
2H dipolar couplings
84
Figure 4.1: Diagram of poly([a-2H]styrene-co-[p- 13C]styrene) used to determine
small amplitude motions of the C~2H bond. The cone shows the range of isotropic
motion of the C-2H bond with p as the angle between the average bond position and
the largest displacement from the average position. Only 10% [p- ,3C]styrene is in the
copolymer leaving most 2H's free of 13C-2H dipolar couplings. See text for more
details.
85
and 'H decoupling will reduce the 'H-2H dipolar couplings giving 2H spectra with the
smallest dipolar linebroadening.
Uniaxial Reorientation Angle Distribution
As briefly described in Chapter 1, the amount and type of motion that a C—2H
bond experiences affects the 2H NMR lineshape. Motion of a C—2H bond causes a
reduction in the quadrupolar splitting, coQ , compared to the rigid solid splitting coQ =
2ti- 125kHz. Different models have been used to describe the various types of motion,
including a two-site jump for phenyl ring flip, a three-site jump for the motion of a
methyl group and isotropic motion in some cases. This is described in more detail in a
review by Spiess.20 Fast small-amplitude motion causes a small reduction of the peak
splittings in the Pake patterns, see Chapter 1, Figure 1 .7b. The reduced splitting (S)
relative to the rigid limit splitting (8) indicates the amplitude of the dynamics.
For aliphatic C—2H bond motions (like those found in PS-dl used for this
study) with a uniaxial reorientation angle distribution, rf « 0, the reduced splitting 5 is
given by the average of the orientation function
^ = ^i(3cos2 /?-l)^ (4.1)
with 8 = 125 kHz for the rigid limit. This is just a simplification of eq 1 .3 in Chapter 1
with r| = 0 and coQ = 8 . The angle /? is between the average position and the largest
displacement from the average position of the C
—
2H bond. The cone shows the range
of motion of the C— H bond in Figure 4. 1
.
The model used for this study assumes isotropic motion of the C— H bond to
determine the narrowing factor S/S of the Pake pattern as a function of the average
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angular amplitude ap of the C-2H bond. A Gaussian distribution of fi will be used,
with ap as the Gaussian width. The narrowing factor S/S determined by the
normalized average orientation function with the Gaussian distribution function is
CO
s
m
(2 (
w "~ 0)
=
^
(4 2)
Jexp(-^y)sin^
2o>
Assuming p is small (p < 20°), the integration can be simplified by approximating
sin(p) and cos(p) with the first few terms of their Taylor series. Thus for small angl.
motions we obtain
5_
8
=^i(3cos2 £-l)\*l-3<r> (4.3)
showing a decrease in narrowing factor as the average angular amplitude of the C—2H
bond increases. A plot of eq 4.3 is shown in Figure 4.2 using three different rigid-limit
splittings of 123, 123.5, and 124 kHz. This model will be used to estimate the motional
amplitude ctp in
2H labeled aPS.
Polymer Synthesis
Poly([a-2H]styrene-co-[p- 13C]styrene): Unless otherwise noted, materials were
obtained from commercial suppliers and used without further purification. The
[ct-
2
H]styrene was inhibited with 10 ppm 4-tert-butylcatechol. To a 20 ml ampule
containing a stirbar was added [a- H]styrene (0.9 ml) (Cambridge Isotope) and
[P-
13
C]styrene (0.1 ml) (Isotech). Benzene (0.4 ml) and 0.4 % AIBN (2,2'-
azoisobutyronitrile) (w/w) in benzene (0.4 ml) were added to the 20 ml ampule with a
syringe. The mixture was then freeze/pump/thawed three times to remove any dissolved
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average angular amplitude, Op
Figure 4.2: Effect of temperature on reduced splitting and average angular amplitude
ofC-2H bond in 2H labeled polystyrene, (a) Plot of reduced splitting ( 6 ) vs. 1/T to
estimate the rigid-limit splitting 5. (b) Plot of eq 4.3 showing the average angular
amplitude ( Op ) of the C-2H bond as a function of the reduced splitting ( 6 ). The
three curves reflect the different rigid limits of 123, 123.5, and 124 kHz. The dashed
lines crossing the plot are experimentally determined reduced splittings determined
from 2H spectra in Figure 4.3a,b. A reduced splitting of 122 kHz corresponds to
average angular amplitudes of 5°-8° at 295 K.
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gasses. Still under vacuum, the mixture was placed into a 65 °C temperature bath for 24
hours. The resulting poly([a-2H]styrene-co-[p- 13C]styrene) was dissolved in 10 ml of
benzene and then filtered. The filtered solution was precipitated in 300 ml of methanol,
filtered, and washed with 100 ml of methanol. The white polystyrene was dried under
vacuum.
Poly([a-2H]styrene-co-[p- 13C]styrene) was originally polymerized for use in a
different study. The polymer has only 10% [P-
13
C]styrene with the remaining 90% as
[a-2H]styrene added to the polymerization. The effect of the ,3C—2H dipolar coupling
is small (~500Hz) for the closest 13C—2H interactions. Also, only -22% of the 2H's in
the sample have the 13C—2H dipolar interaction leaving the remaining 78% of the 2H's
13 2
free of C— H dipolar couplings. Therefore, the 13C in the sample should not affect
the
2H spectra.
NMR Specifications
The NMR experiments were performed at a field of 7.0 Tesla on a Bruker
DSX300 spectrometer using a 4-mm double-resonance stationary probehead without
sample rotation. A solid echo was used to refocus the quadrupolar coupling. The
preecho delays and number of left shifts were carefully adjusted to produce undistorted
powder spectra. A dwell time of 0.6 us was used. To obtain symmetric spectra, the
probe was detuned by 170 kHz. !H decoupling was used to remove *H—*H and XH—
H dipolar couplings. Typical radio-frequency field strengths yB\/2n were 105 kHz for
H decoupling and 90 kHz for H. The best signal was obtained with H pulses of 2.
3
us, which is shorter than the 90° pulse length of 2.9 (as. The number of scans ranged
from 256 to 8124 depending on experimental conditions.
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2H Spectra at Temperatures Below Tg
The 2H spectra taken at temperatures of 213, 295, 338, and 368 K are shown in
Figure 4.3a,b. In Figure 4.3a, it visually appears that all the spectra have essentially
identical splittings. This proves the absence of fast large-amplitude backbone motions
in this glassy polymer at 213, 295, 338, and 368 K. With a closer look at the peaks in
Figure 4.3b and by comparing the numerical splittings in Hz, there is a small, but
detectable difference of the quadrupolar splitting. The reduced splitting (8) between
the Pake horns are shown in Figure 4.2a. Although the lowest temperature examined in
this study was 213 K, it did not give the typical rigid-limit splitting of 125 kHz. The
rigid-limit splitting for aPS can be estimated from a plot of 8 vs. 1/T shown in Figure
4.2a. With only four data points, a range of 123 to 124 kHz will be used for the rigid-
limit splitting, 8. The effect on changing the value of 8 on the average angular
amplitude is shown in Figure 4.2b.
Values of the reduced splittings 8 from the experimental 2H spectra in Figure
4.3a,b are shown as the horizontal dashed lines in Figure 4.2b. The average angular
amplitudes are determined by the intersection of the dashed lines with the three curves
in Figure 4.2b. Average angular amplitudes range from 0° to 12° for the temperature
range 213 K to 368K using 123, 123.5, and 124 kHz as the range of rigid-limit
splittings. More importantly, the average angular amplitude are between 5° and 8° at
room temperature (295 K). We also ran these spectra with short vs. long recycle delays
and found that with short recycle delays, a smaller splitting was obtained. This shows
that short Ti and large amplitude motions are related.
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Figure 4.3: Experimental *H spectra of poly([a-
2H]styrene-co-[fP 3C]styrene) at
different temperatures, (a) Pake patterns obtained at 213, 295, 338
and 368 K.
Spectra are displaced vertically for better visualization. It
is difficult to see the small
but detectable difference between (0Q = 8 in each spectra taken
at different
temperatures, (b) Expanded 2H spectra showing the shift of the peak
^
n^s due to
motional averaging caused by increasing small amplitude
motion of the C^H bond
with increasing temperatures.
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Relating C—2H Motion with Torsion Angle Determination
The average angular amplitude ap of 5° to 8° describes the motion of the C—2H
bond in C2H(Ph) units in aPS at room temperature. If the C—2H bond is moving, then
the backbone attached to the C—2H bond must also be moving. The C—2H bond has
more freedom to motion compared to the C2H(Ph)—CH2 bonds in the polymer
backbone due to the connectivity of the long polymer chain. Ignoring this, if we assume
that the C2H(Ph>—CH2 bonds and the C—2H bonds move with the same average
angular amplitude, then the largest average angular amplitude of the C2H(Ph)—CH2
bonds is 8°. If the torsion angles around the C2H(Ph)—CH2 is being examined at room
temperature, the motion will provide an extra contribution in the torsion angle values
determined relative to the torsion angle values determined at the rigid limit. Motion
causing an average angular amplitude of 8° for the C2H(Ph)—CH2 bond will increase
the torsion angle values by ±4°.
Determination of the 13CH2 Chemical-Shift Tensor using 2D Correlations
In the 2D double-quantum NMR experiments in Chapter 2, the 13CH2 chemical
shift anisotropy (CSA) is used as a probe of segmental orientation. 17 The chemical-shift
principal values can be determined from the limits and the maximum of the powder
patterns. The orientation of the chemical-shift tensor, which depends on the electronic
structure, must be determined experimentally, since a priori only rough estimates are
available, based on the local segmental symmetry and known chemical-shift tensors in
similar compounds. 1
8
>
48 Information on the tensor orientation is obtained in auxiliary
2D experiments correlating the chemical-shift anisotropy with dipolar couplings, which
reflect the well-defined
13C—'H and 'H—*H internuclear vectors. The former
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experiment is the well-known separated-local-field (SLF) experiment* performed here
as described in literature .60 The latter is technically identical to a wideline-separation
(WISE) experiment^ with 13C decoupling during tl« and a short CP time of 25 p.
However, since tensor correlation rather than spectral separation is achieved, we avoid
using the term of wideline separation in this context and refer to it as HH/CSA
correlation instead. In both experiments, the signal is detected without 13C—13C dipolar
decoupling. This is allowable since it is dominated by 56% of isolated ,3C monomer
units. In the SLF experiment, the signal of sites with strong 13C— 13C couplings is
partially dephased during the evolution time and the Hahn echo. Otherwise, they
produce a broad background in the spectral patterns.
13CH2 Chemical-Shift Tensor
Chemical-shift principal values of 60 ppm, 50 ppm, and 30 ppm (±6 ppm) have
been estimated from our polystyrene spectra. The broadening of the spectra and the
MAS spectrum suggest a variation of the principal values by approximately ±8 ppm,
due to various conformational and packing environments. Figure 4.4 displays the
experimental 13C—'H/CSA correlation spectrum of the 13CH2 groups in polystyrene
compared with a simulation and the corresponding spectrum of crystalline polyethylene
on the right. The spectra are dominated by a narrow peak at the CT22 frequency, which
suggests that the G22 principal axis makes an angle close to 55° with either 13C—'H
bond. Figure 4.5 shows HH/CSA correlation spectra in an arrangement analogous to
that of Figure 4.4. Here, a "plateau" is observed at the G22 frequency. The largest *H
—
!H coupling is observed near the an direction.
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The spectra of crystalline polyethylene shown for comparison show the same
overall spectral features, though at a higher resolution. This suggests that the
polystyrene spectra can be reproduced using the same 13CH2 tensor orientation as in
polyethylene, where it reflects the local C2v symmetry of the methylene group.48,60 The
an axis is along the *H—'h internuclear vector, the a22 axis along the 'H—13C—*H
bisector, and the a33 axis perpendicular to the lH— I3C— !H plane. The an, a22 , and
CT33 axes are shown as x, y, and z in Figure 1 .6. Corresponding simulations for
polystyrene, with line-broadening in the chemical-shift dimension co2 produced by
convolution with a Gaussian with a = 8 ppm, are shown in Figure 4.4b and 4.5b. The
error margin for possible deviations from this tensor orientation is estimated as ± 20°.
Part of the error is due to molecular motions determined by 2H NMR in the previous
section. The error in the CH2 tensor orientation contributes to the overall error in the
torsion angle distribution determined by DQ NMR in Chapter 2. But, results from the
2 13 13H / C— C experiment provides the position and width of the trans peak with high
precision.
Determination of Backbone Bond Angles in Polv([a- 13Clstvrene-co-styrene) and
1
"\
Polydp- Clstyrene-co-styrene)
To determine polymer backbone torsion angle information using double-
quantum NMR, experimental NMR spectra are compared with simulated spectra. To
produce accurate simulation, several parameters including bond lengths and bond angles
must be accurately known. Bond lengths and bond angles are well known quantities
determined from scattering techniques on oriented materials. 64 But the bond lengths
and bond angles in amorphous materials are not necessarily the same as their crystalline
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counterpart and might exist as a distribution instead of a single bond length or angle.
The goal of this study is to determine the bond length and bond angles in the backbone
ofaPS.
The only type of bond in the PS backbone is between CH(Ph) and CH2 groups
(Figure 4.6a). The two different bond angles in the PS backbone are between two
CH(Ph) groups labeled 9a in Figure 4.6b and between two CH2 groups labeled 0„ in
Figure 4.6c. Figure 4.6d shows bond angles experimentally determined for low
molecular weight model compounds**-** as well as isotactic^ and syndiotactic*^
polystyrene from X-ray diffraction. The bond angles were calculated from atomic
coordinates and vary from 1 09° to 1 1 6° with a 0O average of 1 1 3° and a 0
P average of
1 1 1° in the different studies. A larger 0a is expected since the bulky phenyl groups will
repel one another more compared to the !H in the CH2 groups. Since the different
crystal structures show variations in the backbone bond angles, aPS could have similar
variations with all the bond angles in between the extremes possible. The bond lengths
calculated from the atomic coordinates varied from 1 .50 A to 1 .54 A with an average
bond length of 1 .53 A. Theoretical studies of the torsion angle distribution in aPS have
assumed the backbone bond length and bond angles determined from a crystalline
model compounds in their calculations with / = 1.53 A, 0a = 1 14°, and Op = 1 1 2°- ,4 - 15 »70
C Internuclear Distances Determined by C Dipolar Couplings
The distance between l3C's in l3C labeled aPS polymers will be calculated from
the C dipolar coupling strength. The dipolar coupling strength between two C's is
inversely proportional to the internuclear distance to the third power (Equation 1 .5).
Therefore, the dipolar splitting in the Pake pattern (Figure 4.7) are extremely sensitive
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Figure 4.6: Diagram of 13C labeled aPS segments used to determine the backbone
bond length and bond angles, (a) Poly([a+P-
13C]styrene-co-styrene) used to
determine backbone bond length /. (b) Poly([a-i3C]styrene-co-styrene)
used to
determine 6a . (c) Poly([P-
13C]styrene-co-styrene) used to determine 9p . (d) Plot
of
9a and 6b calculated from
atomic coordinates determined by X-ray diffraction of
model compounds and crystalline isotactic and syndiotactic PS.
(tpn -
tetraphenylnonane, tph = triphenylheptane)
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Figure 4.7: Pure 13C dipolar spectra of 13C labeled aPS's to determine 13C internuclear
distances, (a) Dipolar spectrum of poly([oc+P- 13C]styrene-co-styrene using the
horizontal scale in d). (b) Dipolar spectrum of poly([a- 13C]styrene-co-styrene using
the horizontal scale in e). Note the different scale compared to d). (c) Dipolar
spectrum of poly([p- 13C]styrene-co-styrene using the horizontal scale in f). (d) DQ-
filtered dipolar spectrum of poly([a+p- 13C]styrene-co-styrene showing a reduction of
0 Hz intensity and sharper peaks. The spectrum is scaled to the height of the peak at
±-1500 Hz in a), (e) DQ-filtered dipolar spectrum of poly([a- 13C]styrene-co-styrene
showing a reduction of 0 Hz intensity and more distinct peaks. The spectrum is scaled
to the height of the peak at ±~300 Hz in b). (f) DQ-filtered dipolar spectrum of
poly([p- 13C]styrene-co-styrene showing a reduction of 0 Hz intensity and more
distinct peaks. The spectrum is scaled to the height of the peak at ±~300 Hz in c).
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to C internuclear distances. In the bond length determination, the distance between the
13CH2 and 13CH(Ph) (Figure 4.6a) in poly([a+p- ,3C]styrene-co-styrene) is determined.
The bond length should be approximately 1.54 A, the typical bond length between two
sp
3
-hybridized carbons. Since the bond length is a fixed and well known distance, a
dipolar coupling strength of ~2tc • 3100 Hz should be found. This will provide
verification that the NMR experiment and calculation used to determine the bond angles
is correct. To determine the bond angles 0a and 0P , the two-bond distances between two
adjacent CH(Ph) groups and two adjacent 13CH2 groups in poly([a- 13C]styrene-co-
1
3
styrene) and poly([p- C]styrene-co-styrene) (same polymer used in Chapter 2) will be
determined. With the knowledge of the single bond length, the two bond angles 9a and
Op can be calculated.
Polymer Synthesis
Poly([ot+p- C]styrene-co-styrene): Unless otherwise noted, materials were
obtained from commercial suppliers and used without further purification. The
[ot+p- 13C]styrene was inhibited with 10 ppm 4-tert-butylcatechol. To a 20 ml ampule
containing a stirbar was added styrene (0.9 ml) (Aldrich) and [a+p- 13C]styrene (0.1 ml)
(Isotech). Benzene (0.4 ml) and 0.4 % AIBN (2,2'-azoisobutyronitrile) (w/w) in
benzene (0.4 ml) were added to the 20 ml ampule with a syringe. The mixture was then
freeze/pump/thawed three times to remove any dissolved gasses. Still under vacuum,
the mixture was placed into a 65 °C temperature bath for 24 hours. The resulting
poly([a+p- I3C]styrene-co-styrene) was dissolved in 10 ml of benzene and then filtered.
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The filtered solution was precipitated in 300 ml of methanol, filtered, and washed with
100 ml of methanol. The white polystyrene was dried under vacuum.
Poly([a- 13C]styrene-co-styrene): Unlabeled styrene (Aldrich) was inhibited with
10-15 ppm 4-tert-butylcatechol. The [a- 13C]styrene was inhibited with 10 ppm 4-tert-
butylcatechol. To a 20 ml ampule containing a stirbar was added unlabeled styrene (495
ul) [a- 13C]styrene (Isotech) (165 ul) to give 25 % 13C-labeled styrene. Benzene (125
ul) and a 0.4 % AIBN (2,2'-azoisobutyronitrile) (w/w) in benzene (107 ul) were added
to the 20 ml ampule with a syringe. The mixture was then freeze/pump/thawed three
times to remove any dissolved gasses. Still under vacuum, the mixture was placed into
a 65 °C temperature bath for 24 hours. The resulting poly([a- 13C]styrene-co-styrene)
was dissolved in 10 ml of benzene and then filtered. The filtered solution was
precipitated in 300 ml of methanol, filtered, and washed with 100 ml of methanol. The
white polystyrene was dried under vacuum. The percentage of [a- 13C]styrene in the
copolymer was determined by 13C NMR to be 25 %.
NMR Specifications
The experiments were performed on a Bruker MSL-300 spectrometer at a 13C
resonance frequency of 74.75 MHz, without sample rotation, in a Bruker probehead
with a 5-mm coil, providing 'H decoupling fields yBi/27i = 120 kHz and 13C 90° pulse
lengths between 2.4 and 2.8 (is. All spectra were measured on resonance (near the
center of the powder spectrum). In experiments with a double-quantum filter, the initial
double-quantum excitation and reconversion delays were 2x = 140 us for
poly([a+p- 13C]styrene-co-styrene) and 2x = 800 us for poly([a- 13C]styrene-co-styrene)
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and poly([p- 13C]styrene-co-styrene). Dwell times were 100 us for
poly([a+p- ,3C]styrene-co-styrene) and 206 us for poly([a- 13C]styrene-co-styrene) and
polyQP- C]styrene-co-styrene). Recycle delays were 4 seconds, the CP times were 0.5
ms, z-filters 1 ms. Further parameters are given below in the discussion of the specific
experiments.
Pure
13C Dipolar Detection
To obtain pure C dipolar spectrum, data points are acquired between 1 80°
pulses that refocus the chemical shift. This puts the l3C's in the strong coupling limit
(cod » A) with A as the difference in chemical shift as explained in Chapter 1 . The data
points are shown as dots between the 1 80° pulses shown in the pulse sequence in Figure
4.8a. Pure dipolar spectra of poly([a+p- 13C]styrene-co-styrene), poly([a- 13C]styrene-
co-styrene), and poly([p- 13C]styrene-co-styrene) are shown in Figure 4.7a-c. Note the
difference in scale (Hz) in between Figures 4.7a and 4.7b,c. A tall narrow peak at 0 Hz
appears in all three spectra and is attributed to weakly dipolar coupled isolated 13C's that
are at large distances from one another. The central peak does not interfere with the pair
of peaks occurring at ± ~1 500 Hz in Figure 4.7a. The central peak slightly interferes
with the peaks at ± -300 Hz in Figure 4.7b and more so with the peaks at ± -300 Hz in
Figure 4.7c.
The dipolar coupling (cod) between the peaks at ± -1 500 Hz and ± -300 Hz are
required to determine the bond length ( / ) and bond angles ( 0a and Bp). The
interference of the center peak at 0 Hz must be reduced for the poly([p-
l3
C]styrene-co-
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Figure 4.8: Schematic ofNMR pulse sequences for pure 13C dipolar detection,
(a) Pure dipolar detection pulse sequence, (b) Double-quantum filtered pure dipolar
detection pulse sequence. The dots in between the pulses in the brackets in a) and b)
represents data acquisition taken in between 1 80° pulses that refocus the chemical
shift leaving pure 13C dipolar couplings.
103
styrene) spectrum in Figure 4.7e (o get a clean dipolar spectrum to determine the dipolar
coupling strength.
The area under the center peak relative to the area of the Pake pattern in Figure
4.7a is smaller compared to that found in Figure 4.7b,c. This is due to the different type
and amount of ,3C labeled monomer used in the copolymerization. The
poly([a+p- 13C]styrene-co-styrene) has 10% [<x+p- 13C]styrene units and all the
[cx+p- C]styrene units contribute to the intensity in the pure dipolar spectrum in Figure
4.7a. The center peak is due to the 1 . 1% natural abundance in the sample. On the other
hand, poly([a- 13C]styrene-co-styrene) and poly([p- 13C]styrene-co-styrene) have 25%
singly labeled
13C monomer units ([a- 13C]styrene and [p- 13C]styrene) in the polymer
but only 7% of the 13C labeled styrene units are in isolated monomer pairs forming
segments shown in Figure 4.6b,c. It is the isolated pairs (Figure 4.6b,c) that contribute
to the intensity resulting in the Pake pattern in Figure 4.7b,c. Figure 1.11 shows
monomer labeling amounts of x = 25% result in 56% (0.56 • 0.25 = 14%) of l3C
monomers in isolated sites (n=l) and 28% (0.28 • 0.25 = 7%) of I3C monomers in
isolated pairs (n=2). The central peak in Figure 4.7b,c accounts for -15% of the total
intensity that includes 14% from the isolated 13C styrene units and another 1.1% from
natural abundance C.
1
3
The poly([a+p- C]styrene-co-styrene) pure dipolar spectrum was taken with 32
scans while the pure dipolar spectra of both poly([oc- C]styrene-co-styrene), and
poly([(3- C]styrene-co-styrene) have 128 scans.
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Double-Quantum Filtered Pure 13C Dipolar Detection
A double-quantum filter placed in front of the pure dipolar pulse sequence
(Figure 4.8b ) will reduce the unwanted isolated ,3C signal mentioned above. The DQ-
filter was described in Chapter 1 and used successfully in Chapter 2. The DQ-filtered
spectra of the three 13C labeled aPS polymers are shown in Figure 4.7d-f. The central
peak at 0Hz is completely suppressed in Figure 4.7d but still remains at a reduced
intensity in Figure 4.7e,f. The peaks at ± -300 Hz in Figure 4.7e,f are more pronounced
compared to the non-filtered spectra in Figure 4.7b,c. The peaks in Figure 4.7d are
sharper compared to the non-filtered spectrum in Figure 4.7a.
The DQ-filtered spectra shown in Figure 4.7d-f are a summation of spectra taken
with different 2t values. This is done to minimize the non-uniform excitation effect
from the DQ-filter. The poly([a+p- 13C]styrene-co-styrene) spectrum has 2x values
ranging from 140 us to 1400 us in 140 us increments, while poly([a- 13C]styrene-co-
styrene) and poly([p- 13C]styrene-co-styrene) spectra have 2x values ranging from 800 us
to 4800 (j.s in 800 jus increments. Each spectrum with different 2x values had a total of
1024 scans.
DQ-Filtered C Dipolar Spectra Compared to Simulations
To determine the bond length between the 13CH2 and the 13CH(Ph), the dipolar
splitting of the spectrum in Figure 4.7d was measured to be 2864 Hz. This value was
found to be duty cycle independent. The duty cycle is the ratio of the 180° pulse length
to the sum of the pulse length and delay between 1 80° pulses as shown between the
brackets in Figure 4.8a,b. Using eq 1.5 in Chapter 1 and the strong coupling limit value
of q = 3/2, the calculated distance between the
,3CH2— 13CH(Ph) bond is 1.58 A. This
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is 0.05 A longer compared to (he average CI I 2-CH(Ph) bond length of 1 .53 A found
X-ray diffraction studies. Bond distances determined by NMR using dipolar couplings
are typically longer than the bond lengths determined by diffraction techniques.'" This
is typically attributed to molecular motion, or to T2 effects that cause a reduction in the
splitting. If these two were not present, the spectra would look similar to the spectra in
Figure 1
.7 that have "infinitely" tall peaks. To determine the true dipolar coupling
without the broadening effects, the spectra are simulated. The simulated spectra have
the infinitely tall peaks as in figure 1 .7 and arc then broadened to match the
experimental 1 1 spectra. The best simulated DQ-filtered pure dipolar detection
spectrum lor poly(|a l (i- C|styrene-co-styrene) is shown as the dotted lines in Figure
4.9b. The best fit simulation had a l3CH2— 13CH bond distance of 1 .56 A. The error in
this calculation is ±0.02 A.
The dipolar splittings of the experimental I )Q- filtered spectra of poly(|a-
l3
C]styrene-co-Styrene) and poly(|p- l3C]styrene-co-styrcnc) in f igure 4.7c,f were both
measured to be -575 Hz, giving a calculated two bond distance between two l3CII 2 's
and two nCIIR's of 2.70 A. If the bond length is assumed to be 1.53 A, the bond angles
0a and Op are calculated to be 124°. This is much larger compared to the range of bond
angles determined by X-ray diffraction (Figure 4.6d). I lowever, the two experimental
spectra arc broadened as mentioned above so a comparison to simulated spectra is
required to determine the true bond angle. The simulated DQ-filtcred pure dipolar
detection spectra for poly(|u- (']slyrene-co-slyrenc) and poly(||i- C|styrene-co-
styrcne) are shown as the dotted lines in Figure 4.1()a,b. four simulations are shown lor
each polymer for comparison. A bond length of 1 .53 A was used in the simulations.
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Figure 4.10: Double-quantum filtered pure 13C-13C dipolar spectra of 13C labeled
polystyrenes to determine 13C backbone bond angles, (a) DQ-filtered dipolar
spectrum of poly([oc- 13C]styrene-co-styrene displayed four times. Simulated
spectra shown as dotted line below spectrum with corresponding bond angle 9a
used in simulation. The bond angle 9a = 1 17° gives the best fit. (b) DQ-filtered
dipolar spectrum of poly([p- 13C]styrene-co-styrene displayed four times.
Simulated spectra shown as dotted line below spectrum with corresponding bond
angle G
p
used in simulation. The bond angle 9p = 1
14° gives the best fit. A bond
length of 1.53A was used in the simulations.
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The best fit simulation for poly([a- 13C]styrene-co-styrene) gives a bond angle 0a = 1 17°
while the best fit simulation for poly([p- 13C]styrene-co-styrene) gives a bond angle 0P =
1 14°. Comparing the various simulated spectra to the experimental spectra in Figure
4. 1 0, an error in the bond angle is estimated to be ± 3°. The bond angles 0a = 1 1 7° ± 3°
and Gp = 1 14° ± 3° are within the error margins of the average values of 0a = 1 13° and
0p - 1 1 1° calculated from X-ray diffraction. However, it should be noted that X-ray
evidence shows backbone bond angles up to 128° for syndiotactic PMMA.72
Separation of 13CH? and 13CH MAS Spectra using Polv(ra- i3C1 stvrene-co-stvrene-> and
PolyqB-^Clstvrene-co-stvrene^
In polyethylene, polypropylene, and other aliphatic polymers, the ,3C MAS
spectra of the backbone l3CH2 units exhibits maxima and shoulders that can be assigned
empirically, based on the y-gauche effect described in Chapter 1, to different
conformations of the two y-substituents. 3 '35 >36 So far, this analysis could not be applied
to the MAS spectrum of the 13CH2 units of polystyrene because overlap with the signal
of the CH(Ph) groups prevented it from being obtained reliably. The isotopic labeling
of the poly([cc- 13C]styrene-co-styrene) and poly([p- 13C]styrene-co-styrene) samples
allowed us to obtain a clean difference spectrum of the labeled 13CH(Ph) and l3CH2
units. The ,3C MAS spectrum of unlabeled PS (Figure 4.1 lb,e) can be subtracted,
suitably scaled, from the 13C MAS spectrum (Figure 4.1 la,d) of the 25% 13CHR-labeled
and 25% CH2-labeled sample. This yields a pure spectrum of the labeled CHR units
and I3CH2 units, shown in Figures 4.1 lc,f and 4.12a,b. With both pure spectra shown
together in Figure 4. 1 2a, a deconvolution of the overlapping CH2 and CH signals can
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Figure 4.12: MAS spectra of 13CH2 aPS and 13CH(Ph) aPS. (a) Pure spectra of the
13CH2 units and 13CH(Ph) units as shown in Figure 4.1 lc,f. (b) Deconvolution of
natural-abundance aPS spectrum with pure 13CH2 and 13CH(Ph) spectra scaled to
match the natural-abundance background in Figure 4.1 Id.
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be performed (Figure 4.12b) for the first time. Due to the separation of the 13CH2 and
13 13CHR C MAS signals, a y-gauche effect analysis can be performed.
Conformation Analysis Using y-Gauche Effect
The inhomogeneously broadened spectrum of the 13CH2-labeled sample in
Figure 4.13b exhibits a 10-ppm wide peak with a maximum at 47 ppm, a shoulder near
42 ppm, and a broad foot at 36 ppm. According to the y-gauche analysis explained in
Chapter 1, these would be assigned to t*.*t, t*.*g = g*.*t and g*.*g conformations
(where g could refer to g or g conformations). A rough estimate would assign an area
fraction of- 60% to the t*.*t peak, a fraction of- 35% to the t*.*g shoulder, and a
small fraction <10% to the g*.*g foot. This would correspond to a trans:gauche ratio of
~75:~25.
However, the applicability of the y-gauche analysis to the aPS 13CH2 spectrum in
Figure 4.13b is doubtful for two reasons. First, four of the aromatic carbons are also in
the y-position with respect to the CH2 group (see Figure 4.13a). Thus, the unknown
orientation of the sidegroup is expected to affect the y-gauche shift. Secondly, the
bulkiness of the sidegroup affects the backbone bond angles, which is thought to result
in effects on the chemical shift that overwhelm the y-gauche effect. Nevertheless, the
trans content obtained by the tentative y-gauche analysis is quite consistent with the
results of the DQ NMR analysis of Chapter 2.
For comparison, a 125 MHz 13C solution NMR spectra of the same 25% 13CH2
aPS is shown in Figure 4.13c. The experiment was performed at 135 °C in o-
dichlorobenzene with 10% d6-benzene. The solution spectrum reflects the configuration
statistics and not the conformation statistics of aPS. The solution spectrum is much
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Figure 4.13: The y-gauche effect in 13CH2 labeled atactic PS. (a) Diagram of aPS
segment in the t**g conformation showing carbon atoms (encircled with thick
lines) in the y position relative to the 13C. (b) Expanded pure MAS spectrum of
the 13CH2 units and as shown in Figure 4.1 lc. The broad ,3CH2 MAS spectrum is
a result of different conformations causing a "/-gauche effect. Tentitive results
using the y-gauche effect (t**t, t*.*g, and g*.*g) to calculate t:g ratio of
~75:~25 are shown above, (c) 125 MHz solution NMR spectrum of the same
25% 13CH2 atactic PS in o-dichlorobenzene at 135 °C. The spectrum reflects the
configuration of aPS as explained in Chapter 1 . Dashed lines indicate where pure
syndiotactic and isotactic 13CH2 intensity appears.
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narrower (4 ppm) compared to the broad MAS spectra (20 ppm) shown above in Figure
4.13b. The motional narrowing is due to the rapid interchange of conformation states in
solution.
The comparatively narrow line for the pure 13CH group (Figure 4.12b) at 38 ppm
looks similar to the
13CH lineshape for amorphous PP.36 ft has explained for
amorphous PP that both trans and gauche conformations experience similar
environments. In amorphous PP, the 13CH has a y-gauche effect from a CYH3 group if
one of the "*" conformations is trans and has a y-gauche effect from a CYH2 group if one
of the "*" conformations is gauche. The upfield shifts are approximately the same for
both CYH3 and CYH2 groups resulting in similar shifts for t*.*t and t*.*g = g*.*t
conformations. The same explanation is used for aPS with the CYH(Ph) carbon
substituted for the CYH3 . It is reasonable to assume the shift is the same for both
CYH(Ph) and CYH2 groups. To add to this, there are also two CYH's in the phenyl ring
attached to the
13CH group. But the effect should be the same for all 13CH because the
y-gauche sensitive torsion angle in the phenyl ring is a constant value. Since there is a
y-gauche substituent even for trans backbone conformations, trans and gauche do not
result in very different chemical shifts so the determination of a trans:gauche ratio based
on the y-gauche effect is not possible.
Summary
An average angular amplitudes of 5° to 8° was determined for the C— H bonds
in C2H(Ph) units in aPS at room temperature. The C
—
2H bond was used to monitor the
motion of the polymer backbone in aPS below the glass transition temperature using H
NMR. An average angular amplitude of 8° for the C2H(Ph)—-CH2 bond will increase
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the measured torsion angle by ±4°. The 13CH2 chemical shift anisotropy (CSA) in aPS
was determined and was used as a probe of segmental orientation in the 2D DQ-
simulated spectra of poly([p- 13C]styrene-co-styrene). The backbone bond angles in aPS
were calculated to be 0a = 1 17° ± 3° and 0 P = 1 14° ± 3° by measuring internuclear
distances between 13C's in 13C labeled aPS polymers using the 13C dipolar coupling
strength. The isotopic labeling of the poly([a- 13C]styrene-co-styrene) and poly([(i-
1
3
C]styrene-co-styrene) sample allowed us to obtain a clean and separated MAS
spectrum of the 13CH(Ph) and ,3CH2 units for the first time. This is useful when trying
to determine line broadening effects of 13CH(Ph) and 13CH2 for other aPS NMR
experiments.
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CHAPTER V
DETERMINATION OF BACKBONE TORSION ANGLES IN ISOTOPICALLYLABELED AMORPHOUS POLY(ETHYLENE-CO-^
Introduction
Poly(ethylene terephthalate) (PET or PETE) is the most important commercial
polyester. This is mostly due to the fact that PET has good mechanical strength,
toughness, and fatigue resistance. About 9 billion lbs./year of PET are produced with
about 80% being utilized in fiber applications2. PET is also used widely for film
applications and is most commonly known for its use in blow molded soft drink bottles.
Using PET as an engineering plastic is not as common due to its slow crystallization
rate which causes long mold recycle times. The amount of crystallinity can range from
0 to 50% with purely amorphous samples produced by quenching from the melt.
Knowledge of the crystalline and amorphous structure is critical to understand the
material properties ofPET that include glass transition, melting temperatures,
crystallization rates, and gas-barrier properties. The crystal structure73 '74 has been
known for years but the amorphous structure is not well characterized. Although bond
lengths and angles vary slightly in amorphous PET compared to crystalline PET, three
of the four torsion angles and their distribution in amorphous PET are not well known.
There are four torsion angles (labeled \\f 1,2,3,4 in Figure 5.1) per repeat unit in
PET that contribute to the overall chain conformation. The torsion angle distribution for
vj/4 was recently determined experimentally for amorphous PET50 to be 14% trans and
86% gauche in contrast to the all-trans form in PET crystals. The other three torsion
angle distributions, \\f 1,2,3, have not been determined experimentally for amorphous PET.
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Figure 5. 1 : (a) Structure of PET and the four torsion angles 2 3 4) used to
describe the polymer conformation. Note torsion angle \j/2 is in the trans
conformation, (b) Structure of PET with \j/2 in the cis conformation, (c)
Structure of poly(ethylene [a,a"- 13C]terephthalate-co-ethylene terephthalate)
used to determine torsion angle \j/2 and its distribution by double-quantum
solid-state NMR.
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The torsion angles V2 and ¥3 are expected to be mostly coplanar. The torsion angle
about the pseudo bond through the phenyl ring, denoted as m in Figure 5.1, and the
torsion angle distribution will be examined in this chapter.
It has been predicted and also has been experimentally determined that the ester
groups O—OO in torsion angle vj/2 prefer to lie approximately in the plane of the
phenyl ring. Planarity of the terephthaloyl residue (0=C—Ph—OO) is expected since
it is a conjugated system, though departures from planarity in similar systems are known
to exist.*4 Thus, only torsion angles close to the cis (Figure 5.1b) and trans (Figure
5. la) states are expected. The X-ray studies of crystalline PET74 and a model
compound, terylene^, show that the ester (O—C=0) groups are trans and rotated out of
the phenyl plane by 12° and 7° respectively. Due to inversion symmetry with respect to
the center of the phenyl ring, v|/2 = 180° (trans) and the two ester groups are effectively
parallel.
A theoretical study of amorphous PET using the RIS model assumes equal
populations of the cis and trans state for \\j2w based on dipole moments studies of
dimethyl and diethyl terephthalate76
. If the populations of the cis and trans states in
amorphous PET are indeed equal, then during crystallization, 50% of all i|/2 bonds must
rotate ~1 80° from the cis to trans state. There are very few experimental studies in the
literature that address the issue of the cis:trans ratio of the terephthaloyl residue in
amorphous PET. Vibrational spectroscopy studies77 -78 do not show conclusive evidence
to determine the cis:trans ratio for vj/2 . A recent paper reveals that "there is little
information available on the conformational behavior of the terephthalate ring
moiety".78 Solid-state NMR provides unique opportunities for elucidating this issue.
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The DQ NMR experiments explained in Chapter 1 and used in Chapter 2 to
determine torsion angles in aPS will be used to examine the torsion angle V2 and its
distribution in amorphous PET. Doubly ,3C labeled terephthaloyl units (0= 13C-Ph-
C=0) (Figure 5.1c) will be used to measure and correlate the 13C=0 orientation across
the phenyl ring to provide torsion angle information. They will be incorporated into the
polymer by using 13C's labeled dimethyl [a,a'- 13C]terephthalate as one of the
monomers. Both l3C of interest are in the same monomer unit, relaxing the need for
statistic monomer pairs needed for aPS. Due to this, lower labeling levels are sufficient
to achieve adequate NMR signal.
Synthesis and Characterization ofNMR Sample
Polymer Synthesis
Polyethylene [a+a'- 13C]terephthalate-co-ethylene terephthalate): Unless
otherwise noted, materials were obtained from commercial suppliers and used without
further purification. The ethylene glycol (EG) was dried with MgS04 . The EG was
then vacuum distilled (bp = 68° @ 4mm Hg) into a vessel containing solid Na and then
refluxed for three hours. The EG was vacuum distilled off the Na and was ready for
use. Dimethylterephthalate (DMT) and [a+a'- l3C]dimethylterephthalate (*DMT*)
were dried under vacuum for 24 hours and placed into a dry box. Two grams ofDMT
and 0.228 g of *DMT*(~10% of total DMT) were weighed out in the glove box and
then removed from the box. Ethylene glycol (1 .30 ml) containing 3.3 mg/ml of
Zn(CH3C02)2-2H20 (transestcrification catalyst) was added to the DMT and *DMT*
mixture. This gives a 2:1 molar ratio of EG to DMT (including *DMT*). The mixture
under nitrogen was placed into a 1 80 °C salt bath (40% NaN02 , 7% NaN03 and
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53%KN03) for three hours (or until all methanol was removed) to give 13C labeled and
unlabeled bis(2-hydroxyethyl)terephthalate (BHET). Then 0.2 ml of EG with triphenyl
phosphite (Zn(CH3COO)2 deactivator) 2 mg/ml and antimony trioxide (polymerization
catalyst) 1
.5 mg/ml was added. The reaction vessel was slowly evacuated and the
mixture was placed into a 280 °C salt bath for 3 hours giving polyethylene [a+a'-
13
C]terephthalate-co-ethylene terephthalate). The copolymer was then removed from
the reaction tube and was ready for processing.
Molecular Weight Determination using Viscometry
Dilute solution viscometry was used to determine the molecular weight of the
1
3
C labeled PET samples. A single point measurement was used to determine the
intrinsic viscosity. The procedure used to determine the molecular weight by a single
point measurement has been compared with traditional intrinsic viscosity measurements
and intrinsic viscosity calculated from SEC-LALLS79
. The overall error between the
three methods was ± 5%. The Soloman & Ciuta equation has been found to accurately
calculate the intrinsic viscosity [77 ] using a single point measurement.
(5.1)
The relative viscosity rjre i and the specific viscosity rjsp are experimentally determined
from a dilute polymer solution with a concentration of c. The concentration used was 5
mg of polymer to 1 ml of hexailouroisopropanol (HFIP). 79 Once the intrinsic viscosity
was determined using eq 5.1, the viscosity-average molecular weight (m
v ) was
determined using the Mark-Houwink coefficients K and a in eq 5.2.
MmKM} (5.2)
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The Mark-Houwink coefficients for PET in hexaflouroisopropanol (HFIP) are K= 5.20
X lO^dL/g and a = 0.695.79 The viscosity-average molecular weight for 4% and 10%
13CO PET were calculated to be 21,500 g/mol and 38,500 g/mol respectively.
Preparation of Amorphous PET for Solid-State NMR
The next step is processing an amorphous sample of PET that will optimally fill
the NMR coil. A typical solid state NMR radio-frequency coil is ~5 mm in diameter
and
-10 mm in length. The melt-quench method was used to produce an amorphous
PET sample. A melt press (set to 280 °C) was used to melt the 13C labeled PET
between two metal plates with a metal die in between. In order to achieve good heat
exchange during the quench, the metal die produced thin polymer discs about 1.5 mm
thick with a diameter of 5 mm. The polymer sample was placed into the melt press for
-10 minutes with a nitrogen flow over the top of the melting PET. Once the PET
melted, the metal plates were pressed together for ~2 minutes. The PET sample was
then removed from the press and quenched into ice water. Kapton® was used as a mold
release on both sides of the die. This produced transparent discs with a slight yellow
color. The discs were then stacked and held together with Teflon® tape. The amount of
crystallinity was then checked using a density gradient column.
Preparation of Annealed PET for Solid-State NMR
A highly crystalline PET sample was also processed. Approximately 200 mg of
10% C labeled PET was placed into a glass tube. A tube description is found in
Chapter 2 under Preparation of aPS Sample for Solid-State NMR. The sample was
melted at 280 °C and then held at 210 °C with a nitrogen purge for 5 days in the salt
bath mentioned above. The sample was removed from the salt bath and allowed to cool
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to room temperature. The density of the sample was checked to determine the amount
of crystallinity present.
Density ofPET to Determine Percent Crystallinity
A density gradient column made from a mixture of heptane and carbon
tetrachloride had a density gradient from 1 .2 g/mL to ~1 .6 g/mL in a one meter tall tube.
Six precision made glass beads with densities of 1.325, 1.350, 1.375, 1.400, 1.450, and
1.500 g/mL were used to produce a calibration curve. The density measurements were
good to ± 0.5 mm resulting in a difference of 0.0002 g/mL. The density of the
calibration beads is known to the nearest 0.001 g/mL, so 0.001 g/mL is used as the error
in the reading. A calibration curve was created for each density reading to compensate
for temperature fluctuations and to test the linearity of the gradient. For the ten linear
calibrations calculated over an 8 month period, R2 > 0.9996. Densities of 1.333 g/mL
and 1 .455 g/mL have been reported for purely amorphous regions and purely crystalline
regions in PET74 '80 although there is some disagreement in the literature. 81 All samples
remained in the column overnight before a reading was taken. The densities of the
quenched and annealed samples are show below in Table 5.1.
Table 5.1: Density and Crystallinity of 13C Labeled PET Samples
Sample Density (g/ml) Crystallinity (%)
Quenched 10% 13C=0 1.341 4%
Quenched 4% 13C=0 1.339 3%
Annealed 10% 13C=0 1 .397 40%
122
NMR Experiments
NMR Specifications
The standard (non-strong-coupling-limit) DQ experiments were performed on a
Bruker MSL-300 spectrometer at a ,3C resonance frequency of 74.75 MHz, without
sample rotation, in a Bruker probehead with a 5-mm coil, providing !H decoupling
fields YB,/27c = 120 kHz and 13C 90° pulse lengths between 2.4 and 2.8 us. The double-
quantum 2D spectra were measured with all pulses on resonance but the frequency was
switched off-resonance by 35 ppm from the downfield shoulder of the single-quantum
spectrum in the evolution time. The method for achieving this is explained in
literature.82 In all cases, the cosine dataset was measured and processed to yield purely
absorptive, non-quadrature spectra. The double-quantum excitation and reconversion
delays were 2x = 4000 us, the recycle delays were 6 seconds, the CP times were 2 ms,
and the z-filters were 1 ms. Thirty-two time-data points in ti were acquired, with
increments of 10 us. For each ti point, 768 scans were averaged for 10% 13C=0 and
1
3
1 536 for 4% C=0. Further parameters are given below in the discussion of the
specific experiments.
The strong-coupling-limit DQ experiments were performed on a Bruker DSX-
1
1
300 spectrometer at a C resonance frequency of 74.48 MHz, without sample rotation,
in a Bruker probehead with a 5-mm coil, providing 'H decoupling fields yBi/27i = 120
kHz and 13C 90° pulse lengths between 2.0 and 2.4 us. The double-quantum 2D spectra
were measured with all pulses on resonance but the frequency was switched off-
resonance by 93 ppm from the downfield shoulder of the single-quantum spectrum in
the evolution time. In all cases, the cosine dataset was measured and processed to yield
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purely absorptive, non-quadrature spectra. The double-quantum excitation and
reconversion delays were 2t = 4000 us, the recycle delays were 6 seconds, the CP times
were 2 ms, and the z-filters were 1 ms. Sixty eight time-data points in t, were acquired,
with increments of 20 us. For each t, point in the SCL experiments, 128 scans were
averaged for 1 0% C=0. Further parameters are given below in the discussion of the
specific experiments.
13C=0 Chemical-Shift Tensor
In our experiments in Chapter 5, the
13C=0 chemical shift anisotropy (CSA) is
used as a probe of segmental orientation. '7 The chemical-shift principal values can be
determined from the limits and the maximum of the powder pattern. Reported
chemical-shift principal values and experimentally determined values at room
temperature (295 K) from powder pattern of 13C=0 PET shown in Figure 5.2 are shown
in Table 5.2 below. As explained in Chapter 1, the PAS values are the frequencies at
both ends of the powder pattern, an and a33 and the peak in between an and 0-33
defined as o22- 11 Our chemical shift values are similar to values reported in literature.
Table 5.2: Chemical-Shift Principal Values for 13C=0 in PET
Source an (ppm) a22 (ppm) a33 (ppm)
Asakura83 252 130 114
Chmelka84 252 126 113
Murphy85 255 122 112
Kaji86 254 128 114
Figure 5.2 254 126 111
The orientation of the chemical-shift tensor, which depends on the electronic
structure, has been previously determined. 83 The an axis is nearly perpendicular to the
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Figure 5.2: Experimental ID powder pattern of 10% 13C=0 labeled amorphous
PET taken at 295 K with the principal values labeled as On, <J22 5 and a33 .
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O—C=0 plane, the a22 axis is close to parallel with the C=0 bond direction and a33
axis is perpendicular to the other two. Since the principal values a22 and a33 are nearly
degenerate, the spectral effect of the different tensor orientations is small. In the 2D DQ
simulations of crystalline PET, a chemical shift tensor with the directions ofa22 and a33
rotated by 45° fits the experimental spectra of crystalline 13C labeled PET better. The
chemical-shift tensor used for the 2D DQ simulations of crystalline PET was also used
for 2D DQ simulations of amorphous PET. Overall, the cis pattern is affected little, and
the isotropic background is unchanged. The parts of the two-dimensional spectrum
most relevant for the analysis of the cis-trans ratio are in the region near ai i and
therefore hardly affected by the different tensor orientations discussed here. Also the
one-dimensional cross-sections were taken near ai i for the quantitative analysis and are
not affected by switching a22 and a33 .
Double Quantum Experiment
A correlation of the two 13C=0 CSA orientations is obtained in the double-
quantum experiments. The pulse sequences are shown in Figure 5.3. Technical details
and applications of this approach to directly bonded 13C
—
13C spin pairs are described in
Chapter 1 and Ref. 7 . Here, we apply the experiment for the first time to C sites
separated by a distance as long as 5.75A, which is the 0= 13C
—
13C=0 internuclear
distance determined by X-ray diffraction.74 This distance is more than twice the
distance between the two
13CH2 's in aPS in Chapter 2. Due to the larger internuclear
distance, the dipolar coupling is weaker, (8 = 2n 50 Hz) which requires longer double-
quantum excitation and reconversion periods. We chose 2x = 4000 us which covers the
5.75A distance.
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Figure 5.3: Schematic of the NMR experiments used to determine torsion angle y2
in 13C=0 labeled PET. (a) Double-quantum experiment with all pulses on
resonance and switched off resonance during t , . (b) Same as a)
with the addition
of xy-16 sequence during the DQ-excite and DQ-reconversion
periods. The xy-16
sequence forces all 13C pairs into the strong dipole coupling limit,
(c) Same as a)
with the addition of a »H-Ti P-filter to suppress the
signal from amorphous regions
leaving mainly crystalline intensity.
127
A background problem arises if there are other 13C's within the 5.75A distance.
These C's can be C=0's in neighboring chains or natural abundance 13C. An X-ray
study80 of glassy PET found intermodular distances between chains to be as low as 4.9
A, which is below the 0= 13C— 13C=0 internuclear distance of 5.75 A. With a density
of 1.333 g/ml for amorphous PET and 1.1% natural abundance for 13C, the average
closest distance between C's is calculated to be -10 A. Using the same calculation in
reverse and an internuclear distance of 5.75 A between two 13C's results in a 13C
abundance of-6%. Subtracting the natural abundance leaves the maximum
concentration of 13C labeled DMT allowed without encountering unwanted
intermolecular signals to be -5%. This is important since there is evidence80 that the
closest intermolecular distance for amorphous PET is 4.9 A. A 10%-labeled sample
was synthesized for good NMR signal, knowing that intermolecular signals will be
present.
The DQ NMR experiments were performed with all pulses on-resonance but
with ti evolution off resonance. This is accomplished by switching off resonance before
ti and switching back on resonance right after ti. Technical details are found in a paper
by Hironori Kaji.82 The reason why the entire experiment is not performed off
resonance is due to the large
13C=0 CSA of 139 ppm compared to the 13CH2 CSA of 30
ppm in aPS. On-resonance pulses are required to excite the entire spectrum. But the
off-resonance evolution in ti is required to remove unwanted on resonance artifacts and
separate any zero and single quantum signals from the double quantum signal.
Simulated DQ spectra of (0= 13C—Ph— ,3C=0) labeled PET are shown in
Figure 5.4. The trans spectra in Figure 5.4a-d show a diagonal ridge of slope two. A
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broadening of the trans ridge shown in Figure 5.4b-d occurs when the torsion angle V2
moves away from the perfect trans angle of v|/2 = 180° as shown in Figure 5.1a. This
broadening effect of the trans state will be used to determine the trans torsion angle
when comparing the simulated spectra to experimental spectra. The simulations reflect
the relative orientation of the 13O0's in the 0= 13C-Ph- 13C=0 group. If both I3C=0
groups are parallel to the plane of the phenyl ring in the trans state and were both rotated
by 10° in the same direction keeping both 13O0 groups parallel to one another, a
torsion angle of vj/2 = 180° would result. If one 13C=0 stays in the plane of the phenyl
ring and the other 13C=0 is rotated by 10° in either direction, a torsion angle of \j/2 =
190° or h/2 = 170° will result. A torsion angle of v|/2 = 190° results in the same spectrum
asvj/2 =170°. ;
The same explanation is used to describe the relative orientation of the 13C=0
groups for the cis torsion angle, but with the 13C=0 groups starting in the cis state
shown in Figure 5.1b. Two simulated cis spectra are shown in Figure 5.4e,f with one
having vj/2 = 0°, and the other with i|/2 = ±30°. The two simulated cis spectra look very
similar to one another with no distinguishing features between the two. This indicates
that the sensitivity of the spectral patterns to deviations from the exact cis angle is not as
prominent as for angles near trans. This will give a larger uncertainty in the
determination of the cis angle when comparing the simulated and experimental spectra.
For all simulations, a torsion angle of vj/2 = 0° ± 25° is considered cis and a torsion angle
of \\i2 = 180° ± 25° is considered trans. Any angles outside of the ranges are due to
1 "X
oriented intermolecular C sites.
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The features of the cis and trans simulations in Figure 5.4e,f and 5.4a-c are
distinctly different. The simulated trans spectra in Figure 5.4a-d are long, narrow,
diagonal ridges, while the simulated cis spectra of Figure 5.4e,f are shorter and wider
than the trans spectra. The trans spectra have intensity in the bottom left corner where
no intensity is present for the cis pattern. Conversely, the broad cis pattern has
significant intensity outside the line of slope two. Separated cis and trans intensity
makes the interpretation of the spectra simpler. Comparing the relative intensity of the
purely cis region with the purely trans region in the experimental spectra will provide
the cis:trans ratio of the vj/2 torsion angle in amorphous PET.
The simulated spectrum shown in Figure 5.4g shows the pattern caused by
randomly oriented 13C pairs. Note that it is not the sum of the spectra for all torsion
angles vj/2 , since these represent rotations around only one axis. The random-orientation
spectra in Figure 5.4g shows intensity that overlaps both the cis and trans spectrum,
with significantly more intensity overlapping the cis pattern in the bottom half of the 2D
pattern. The random-orientation background must be accounted for in the simulated
spectra to determine the correct cis:trans ratio.
In the DQ experiment, the intensity of 13C pairs with exactly identical chemical
shifts (strong coupling limit) is up to 2.25 times enhanced compared to the other sites.
This enhancement will occur for the trans component in the simulation if exactly
identical chemical-shift parameters are chosen. In reality, however, the chemical shifts
of any two C=0's in amorphous PET will typically be slightly different, due to
environmental effects, or due to slight deviations from exact coplanarity of the two
I3C=0's. To take this into account in the simulations, different chemical shift
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anisotropics were used for the two carbons. One ,3C=0 was given the principal values
Of 111, 126, and 254 ppm and the other was given 113, 122, and 250 ppm instead of
giving both C=0's the same values. Using these values still results in a 10%
in total intensity for the trans over the cis conformation. Due to this, a strong coupling
experiment was also performed to place all 13C=0 pairs in the strong coupling limit
which eliminates the enhancement of the trans intensity.
Double Quantum Experiment in the Strong Coupling Limit
1
3
The C dipolar strong coupling limit (SCL) DQ experiment is used to force all
i 1 3 •
the C pairs from the weak coupling limit (coD « A) and intermediate coupling (coD w A)
regime to the strong coupling limit (coD » A). The coupling limits are determined by
comparing the difference in the chemical shift (A = coCsa - coCsb) (Equation 1.2) of the
coupled nuclei to the dipolar coupling strength coD (Equation 1 .4) between them as
described in more detail in Chapter 1
. The coupled nuclei are forced into the SCL by
inserting a xy-1687 sequence of 180° (n) pulses into the DQ excitation and DQ
reconversion periods of the pulse sequence shown in Figure 5.3a. The resulting pulse
sequence is shown in Figure 5.3b. The motivation behind the SCL DQ experiment is to
obtain equal intensities for all C dipolar couplings. As explained above, the trans
pattern is enhanced compared to the cis pattern in the non-SCL DQ experiment
simulations. The long distance of 5.75 A between the 13C's results in a very small
dipolar coupling with coD ~ 50 Hz. This value is certainly small compared to the large
chemical shift anisotropy of 104 kHz (139 ppm). Due to this large difference, only
orientations with m » 1 80° (trans) will result in the strong coupling limit. This will
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falsely increase the trans intensity, resulting in a reduction of the real trans content
calculated in the cis:trans ratio.
The intensity difference is explained by examining eq 5.1 that is part of eq 1.6 in
Chapter 1
.
\Sy + Lyjg (2r)cos(<w„ +ab ) »i > (51)
The term g^r) describes the intensity of the DQ spectrum. The term g(2r) = 2{-
2sin(4<yi)2r)} for both coupling limits with q = 1 in the weak and q = 3/2 in the strong
coupling limit. The dipolar coupling between the 13C's is coD and 2t= 4000 us for the
PET experiments. Holding «D and 2 % constant, the strong coupling intensity is up to
(1 .5) = 2.25 times higher compared to the weak coupling limit intensity.
The SCL DQ experiment will force all 13C pairs in the PET sample to be in the
strong coupling limit and will eliminate any discrepancies in the intensity between the
different conformations.
Analysis of Experimental Spectra by Comparison with Simulated Spectra
Double Quantum Experiment of Quenched PET
Figure 5.5a, shows the experimental 2D strong coupling limit double-quantum
spectra of 10% C=0-labeled amorphous PET using the pulse sequence shown in
Figure 5.3b. The 2D pattern exhibits the extended features of the simulated trans
spectra of Figures 5.4a-c, in particular in the lower left of the spectra. It also shows the
features of the off diagonal cis spectra of Figure 5.4e,f, most noticeably in the upper left
side of the pattern. The presence of randomly oriented
l3C=0 pairs (Figure 5.4g) is
apparent showing intensity around the perimeter of the 2D pattern. To the left of the 2D
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experimental pattern in Figure 5.5a is a ID slice taken in the coa + cob dimension through
the 2D pattern shown by the vertical dotted line where cis and trans spectral intensity do
not overlap. The ID slice will be used along with the 2D spectrum for comparison to
simulated ID and 2D spectra to determine the cis:trans ratio and the torsion angle value
of v|/2 for both cis and trans conformations. The torsion angles for cis and trans will be
labeled as vj/c and i|/ t .
Figure 5.5b shows a 2D and ID simulation (dashed line) using weighted
superpositions of only cis and trans components from Figure 5.4. The comparison of
the experimental ID slice taken from Figure 5.5a and rotated 90° is shown as the solid
line in Figure 5.5b and is compared to the best fit simulation shown as the dotted line.
The simulated slice is taken from the same location in the simulated 2D spectrum
compared to the experimental 2D spectrum. The area under the cis part of the ID
simulation is shaded with vertical lines while the area under the trans part is shaded with
diagonal lines. The best fit ID simulated spectrum was determined by finding the
lowest root mean square (RMS) difference between simulated ID spectrum and the
experimental ID spectrum. The spectrum was normalized by the area under the
simulated curve. The RMS values reported are in percent relative to the to the
normalized area of one. The relative intensity of the cis and trans components and the
torsion angles \\fc and vj/ t were varied to determine the lowest RMS difference. The
relative intensities were varied in one percent increments, v|/c was varied from 0° to 30°
in increments of 15°, and i|/t was varied from 180° to 194° increments of 2°. As seen
from the 2D simulated spectra in Figure 5.4, the effect of spectral changes when varying
V|/t is more detectable compared to varying Vj/C . The relative intensity of cis and trans
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along with Vc and Vt values from the ten lowest RMS differences were averaged and
reported. The RMS value is shown to the left of the ID spectra in Figure 5.5. The
values determined by the best fit ID simulated spectrum were used in the 2D spectrum
shown at the top of Figure 5.5b. The best fit ID simulation in Figure 5.5b has a
cis:trans of 64:36 with v|/c = 15° and vj/t = 190°.
Comparing the 2D simulated spectrum in Figure 5.5b to the experimental
spectrum in Figure 5.5a shows that the cis and trans components from Figure 5.4 are
indeed part of the spectra, but, there is a lack of intensity around the perimeter of the
simulated spectrum. This is also shown in the ID comparison where intensity is
missing between 350 and 375 ppm and near 440 ppm.
When random-orientation intensity is added, the 2D and ID simulated spectra in
Figure 5.5c become more similar to the experimental spectra. The intensity around the
parameter of the 2D simulated spectrum is present along with the intensity between 350
and 375 ppm in the ID simulated spectrum. The values for the cis:trans ratio, yc, vj/,,
and the random-orientation content were determined to be 54:46, 15°, 190°, and 58%
respectively. The random-orientation intensity of the ID simulated spectrum is shaded
gray at the bottom of Figure 5.5c. The random-orientation content is a percentage of the
total spectral intensity, while the cis and trans content are values relative to each other.
With a relative cis content of 54%, a relative trans content of 46%, and relative random-
orientation content of 58% means the actual values are 23% cis, 19% trans, and 58%
random-orientations of the total spectral intensity.
Although the ID and 2D simulated spectra in Figure 5.5c are very similar to the
experimental spectra, there is missing intensity near 440 ppm that is shown with an
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arrow in the lower left corner of the 2D spectrum and is not shaded in the ID spectrum.
A fourth component is added to fill the intensity near 440 ppm. A 2D simulated
spectrum of the fourth component is shown in Figure 5.4d with a torsion angle of Vin =
225° or 135°. From an earlier definition, this is considered to be an intermolecular-
correlation between 13C's on neighboring chains since this would correspond to a
torsion angle (\|/in) greater than 205°. This intermolecular-correlation was included in
the simulation since it is a good fit to fill the missing intensity. An exact explanation
for the intensity is not known, but an intermolecular correlation is a likely origin. An
intermolecular torsion angle of \|/in = 225° or 135° physically means that there is
intermolecular orientation between amorphous PET chains with 13C=0 pairs at a 45°
angle to each other. The interchain orientation could be verified by performing the same
DQ experiments in future experiments, but using singly labeled 13C=0 tercphthaloyl
units instead of the doubly 13C=0 labeled tercphthaloyl units being described here. The
single labeling would eliminate the cis and trans conformations from the 2D spectrum
and leave only the intermolecular and random-orientation.
The ID and 2D spectra that result from the best fit ID spectrum with the
intermolecular-correlation included are shown in Figure 5.5d. The intermolecular-
correlation intensity along with the random orientation is reported as a percentage of the
total spectral intensity. Comparing Figure 5.5c to 5.5d, the intensity void in Figure 5.5c
near 440 ppm has been filled. The ID intensity resulting from the intermolecular
component is shaded dark gray at the bottom of Figure 5.5d. Along with adding the
intensity near 440 ppm, the addition of the intermolecular orientation also causes a
broadening of the trans intensity along the diagonal. Comparing the 2D spectra in
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Figure 5.5a,c,d, the 2D spectrum in Figure 5.5c has no trans diagonal broadening but the
2D spectrum in Figure 5. 5d has too much broadening when compared to the
experimental spectrum. This suggests some intermolecular-correlation is required for
the best visually fit 2D spectrum component but 13% is too much. In addition, random-
orientation intensity around the perimeter of the 2D spectrum in Figure 5.5d is too high
compared to the experimental spectrum in Figure 5.5a, therefore less than 52% random-
orientation is required for the best visually fit 2D spectrum.
To make the fit more reliable, five more ID slices were extracted from the
experimental 2D spectrum in Figure 5.5a. The location of the six slices are on both
sides of the dotted line and between the vertical lines of the "H" shown in the lower left
corner of Figure 5.5a. The Figure 5.6a-f shows the experimental ID spectra as solid
lines and are best fit with simulated ID spectra shown as dotted lines. The same
procedure as explained above was used to determine the best-fit ID spectrum. The cis,
trans, random-orientation, and intermolecular-correlation intensities along with v|/c and
vj/t were varied to determine the lowest RMS difference. The average values of the
different parameters for the 10 lowest RMS differences are given in Table 5.3 next to
the experimental slice number. The RMS difference values are shown to the right of the
spectra in Figure 5.6.
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500 400 300 ppm
Figure 5.6: ID slices in the 0), dimension of SCL DQ spectrum of 10% 13C=0
labeled PET shown in Figure 5.5a compared to best fit simulated slices. The location
of the experimental slices in the 2D spectrum is between the vertical lines of "H"
located in the lower left corner of Figure 5.5a. Experimental slices are shown as solid
lines and best fit simulated slices are shown as dashed lines. The experimental and
simulated slices were taken in 140 Hz intervals. The RMS difference is show to the
left of the slices, (a) Slice 55. (b) Slice 56. (c) Slice 57. (d) Slice 58. (e)
Slice 59.
(0 Slice 60.
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Table 5.3. Values of best fit simulated ID spectra and RMS difference between
experimental ID spectra
Cis
(%) H
Slice 55 60 165°
Slice 56 64 165°
Slice 57 63 165°
Slice 58 64 165°
Slice 59 66 165°
Slice 60 58 165°
Average 63 165°
Std. Dev. 3 0°
rp
Trans
M>t Random- Intermolecular RMS
(%)
orientations correlation
(°) (% ) f%
W
) (%"*)
40 1° 53 10 1.2
36 1° 53 12 1.1
37 1° 53 12 0.8
36 1° 52 13 0.4
34 2° 49 14 1.0
42 10° 55 6 LI
37 3° 53 11 1.0
3 4° 2 3 0.4
* % relative to cis and trans
** % relative to total intensity of ID spectra
*** RMS difference of the normalized spectra
The cis and trans values are relative to each other while the random-orientation and
intermolecular-correlation values are percentages of the total spectral intensity. The
average values of cis, \|/c, trans, V|/t, random-orientation, and intermolecular-correlation
from all six simulated ID slices are 63%, 165°, 37%, 3°, 53%, and 1 1% with standard
deviations of 3%, 0°, 3%, 4°, 2% and 3% respectively. These values were used as a
starting point for determining the best visual fit 2D SCL-DQ simulated spectrum.
As seen when comparing 5.5a with 5.5d that has values similar to the average
values in Table 5.3, less random-orientations and intermolecular orientation are needed
to fit the 2D experimental spectrum. Figures 5.7b, shows a 2D simulation that provides
the best visual fits to the 2D DQ experimental spectrum after careful determination of
the number of contour lines in the 2D spectra. The cis:trans ratio for the best visual fit
2D spectrum is 60:40 with \j/c = ±15, vj/t = 190°/170°, 45% random-orientation, and 8%
intermolecular-correlation.
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The cis:trans ratio and the torsion angles V|/c and Vt were varied to determine the
sensitivity of the torsion angles and their distributions on the 2D simulated spectra and
their ID slices shown in Figures 5.7b-f and 5.8b-f. The values of yc = ±15° and V|/, =
190°/170° were held constant in Figures 5.7c,d and 5.8c,d to determine the effect of
changing the cis:trans ratio. The increase of the trans content from the best visual fit
value of40% to 45% shows an increase in intensity in the trans region (lower left
corner) of the 2D simulation in Figure 5.7c, and in the ID slice in Figure 5.8c. A
corresponding decrease in intensity of the cis region is also seen. A larger effect is seen
in Figures 5.7d and 5.8d with the trans content raised to 50%. Comparing the best fit
simulated ID slice in Figure 5.8b with Figure 5.8c,d, a change of± 5% in the cis:trans
ratio is detectable.
To show the effect of changes in i|/c and \|/t on the spectra, the cis:trans ratio was
set to the best fit simulation ratio of 60:40 while the values of \|/c and v|/t were adjusted
in Figures 5.7e,f and 5.8e,f. Figures 5.7e and 5.8e show the effects of a 15° increase in
vj/c and a 5° increase in vj/t from the best visual fit values. A broadening of the trans
ridge is seen in the 2D simulation in Figure 5.7e, as also shown for 10° increments in v|/t
in Figure 5.4a-c. The 2D simulation does not show a noticeable change in the cis region
(upper left side) and only a slight broadening causing a decrease in the middle peak
height seen in the ID slice in Figure 5.8e. The opposite is seen when the effect of a 15°
decrease in \\ic and a 5° decrease in v|/ t is shown in Figures 5.7f and 5.8f. A narrowing of
the trans ridge is seen in the 2D simulation bringing the contour lines closer together
while little change is seen in the cis region. The ID slice displays the narrowing in the
trans peak that pushes the intensity above the experimental spectrum and also shows a
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Figure 5.8: Experimental ID slice 58 from Figure 5.6d shown as solid lines in a) - f)
compared with simulated slices shown as dotted lines taken from the 2D DQ-
simulations in Figure 5.7b-f. The RMS difference is shown to the right of the
spectra, (a) Best fit simulation of slice 58 as shown in Figure 5.6d. (b) Slice from
best visual fit 2D simulation in Figure 5.7b with c:t = 60:40, \j/c = ±15°, =
1907170°, and 8% \fin = 2257135°. (c) Slice from Figure 5.7c with c:t= 55:45,
\|/c = ±15°, = 1907170°, and 8% yin = 2257135°. (d) Slice from Figure 5.7d
with at = 50:50, \|/c = ±15°, = 1907170°, and 8% yin = 2257135°. (e) Slice
from Figure 5.7e with c:t = 60:40, v|/
c
= ±30°, \\f
t
= 1957165°, and 8% \\fin =
2257135°. (f) Slice from Figure 5.7f with c:t = 60:40, = 0°, ^ = 180°, and 8%
\\fin
= 2257135°.
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slight narrowing of the cis intensity. Comparing Figures 5.7e,f and 5.8e,f with Figures
5.7b and 5.8b, a change in ¥t of± 5° is detectable while changes in yc of less than ±15°
are barely detectable.
We also ran the experiments with a different DQ technique and the pulse
sequence is shown in Figure 5.3a. The 2D non-SCL DQ experimental spectrum of 10%
13
CO-labeled amorphous PET is shown in Figure 5.9a and the best visual fit spectrum
is shown in Figure 5.9b. The details of the differences between the two experiments
were explained earlier in the Double Quantum Experiment section. The results from the
non-SCL DQ experiment are consistent with the torsion angle distribution using the
SCL DQ technique.
If the intermolecular-correlation component is added to the trans component, the
results would be in agreement with the values of 50% cis and 50% trans used by
William and Flory75 in the rotational isomeric states (RIS) study of amorphous PET.
They used results from measured dipole moments of dimethyl and diethyl terephthalate
to justify the equal probability of the cis and trans state in amorphous PET.76
Double Quantum Experiment of Annealed PET
Figure 5.10a shows experimental double-quantum spectrum of the crystalline
regions in annealed C=0-labeled PET. The amorphous signal was suppressed using a
^-Tip filter at the beginning of the experiment as shown in the pulse sequence in
Figure 5.3c. The spectrum exhibits only the extended features of the trans spectra
shown in Figure 5.4a-c. The crystal structure of crystalline PET is known from X-ray
diffraction to be in the all trans conformation74 , so the shape of the experimental
spectrum in Figure 5.10a was expected. The best fit simulation has a torsion angle \j/ t =
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180°. X-ray results show the 0-C=0 group to be 12° and 7° out of the plane of the
phenyl ring for crystalline PET74 and for a model compound, terylene™ Due to
inversion symmetry with respect to the center of the phenyl ring™, V2 = i 80° (trans) and
the two ester groups are effectively parallel. Although the 13O0 groups are out of
planarity with the phenyl ring, due to inversion symmetry of the crystal structure, the
two 13C=0's are effectively parallel. This is in agreement with our finding that V|/t =
180°, meaning that 13Ca=0 is parallel to 13Cb=0 across the phenyl ring.
Motion of C=Q by Changes in Powder Pattern Lineshapes
The motional state of 13C=0's in the labeled PET during the DQ NMR
experiments is important. Are the 13C=0 units motionless, or are they vibrating causing
motional narrowing of the spectra? This can be determined by studying powder pattern
lineshape changes as a function of temperature for 10% 13C=0 labeled amorphous PET.
The ID experimental spectra are shown in Figure 5.1 la,b taken at temperatures of 213,
295, 320, 340, and 360 K. The full pattern is shown in Figure 5.11a taken at
temperatures of 213, 295, and 340 K while an expanded view of all the patterns is
shown in Figure 5.1 lb.
The largest lineshape changes occur at the two edges (cji i and o33) of the powder
pattern located approximately at 250 ppm and 115 ppm. Notice that the spectrum taken
at 21 3 K is the widest, extending past the other spectra on both ends. As the
1 1
temperature increases, the motion of the C=0's increases, causing motional
narrowing. The change of the principal values as a function of temperature, are shown
in Figure 5.1 lc as the change in the width of the spectra (0-33 - <Tn). The values of the
spectral width are compared with values found in the literature for natural abundance
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250 225 ppm 150 125 100
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Temperature (K)
Figure 5.11: Experimental ID powder patterns of 13C=0 labeled amorphous PET
taken at 213, 295, 320, 340, and 360 K. (a) Entire powder pattern at temperatures
of 213, 295, and 340 K. (b) Expanded areas of boxes shown in a). Spectra taken
at all temperatures shown. The order of the temperatures from left to right on the
left side of the spectra corresponds to the spectral lines in the same order from left
to right, (c) Change in width of powder pattern (a33 - an ) in a) and b) as a
function of temperature, compared to literature values determined by magic angle
spinning for natural abundance 13C amorphous PET. Tg,a and Tg,c are the
amorphous and crystalline glass transition temperatures.
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amorphous PET.88 The method developed by Herzfeld and Berger^ used to calculate
the literature values is not as reliable for determining principal values as reading them
directly from the powder pattern. The method was used since the powder pattern from
the phenyl ,3C-H's severely overlaps the 13C=0 powder pattern in natural abundance
PET.
As the temperature increases, the slope of the line at -250 ppm in the l3C=0
powder pattern decreases. The change of slope is an indication of multiple motional
* 13
amplitudes for the C=0 group. A single motional amplitude would cause the On edge
of the spectrum to move inward, closer to a33 with a constant slope. The distribution of
motional amplitudes at room temperature (295 K) is examined by fitting the ID powder
pattern with best fit simulated spectra shown as dashed lines in Figure 5.12a,b. The
simulated spectra are produced by starting with the rigid limit spectrum found at 213 K
in Figure 5.11 with principal values of 108, 126, and 252 and are then motionally
averaged. A Gaussian distribution of motional amplitude was used for the simulated
spectra and the best fit spectra have Gaussians centered at 10° and 12° with a = 12° and
ct = 10° respectively. The distributions are shown to the right of each simulated
spectrum and both have a center of symmetry at 0°. Although there is motion of the
C=0 group, the change of the powder pattern is not significant enough to require
performing the DQ experiments at lower temperatures to reduce the motional amplitude
The natural abundance phenyl ring C—H signal accounts for the difference in
intensity between the simulated and experimental spectra.
149
—1
—
I
—
I
—
I
—
I
—
I
—
I
—
I
—
I
—
I
—
I
300 250 200 150 100 50 ppm
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
i
—
1
i
300 250 200 150 100 50 ppm
Figure 5.12: Experimental and simulated ID powder patterns of 13C=0 labeled PET
taken at 295 K. (a) Experimental spectrum compared to simulated spectrum with a
Gaussian distribution of 13C=0 motional amplitudes shown to the right of the
spectrum, (b) Experimental spectrum compared to simulated spectrum with a
Gaussian distribution of 13C=0 motional amplitudes shown to the right of the
spectrum. The simulated spectra have rigid-limit principal values of 1 08, 1 26, and
252 ppm and were then motionally broadened. The area between the simulated
spectra and the experimental spectra is due to the natural abundance nuclei in the
phenylene groups.
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Summary
This is the first experimentally determined cis:trans ratio for the terephthaloyl
unit in amorphous polyethylene terephthalate). The cis:trans ratio was explored for
terephthaloyl units in 10% 13C=0 labeled amorphous PET samples that were quenched
from the melt. Double Quantum NMR experimental spectra were fit with simulated
spectra to determine the cis:trans ratio. A cis:trans ratio of 40:60 with \\i c = ±1 5°, vj/ t =
190°/170°, and v|/in = 225°/135° was determined by fitting ID slices and 2D
experimental SCL-DQ NMR spectra to simulated spectra. If the 22571 35°-component
is considered as a (strongly deviating) trans component, the cis:trans ratio is reduced to
50:50. The cis angle has a larger uncertainty compared to that of the trans angle. DQ
NMR evaluation of crystalline PET gave the expected results of 100% trans with a
torsion angle of vj/ t = 180° in agreement with X-ray results. Experimental powder
13
patterns of 10% C=0 labeled amorphous PET and simulated powder patterns showed
multiple motional amplitudes of 13C=0's exist but the small-angle motion of 13C=0's at
295 K will not significantly affect the DQ NMR patterns taken at room temperature.
151
CHAPTER VI
CONCLUSION
A novel solid-state NMR approach for characterizing the conformation of
isotopically polymer backbones has been presented. The conformational statistics of
isotopically labeled amorphous atactic polystyrene and amorphous polyethylene
terephthalate) were examined by double-quantum solid-state NMR. The double-
quantum pulse sequences were used to select 13C— 13C spin pairs and correlate their
chemical shift anisotropics, providing torsion angle information. A trans:gauche ratio of
68:32 (±10%) was determined by selecting 13CH2—CH(Ph)— 13CH2 labeled segments
in atactic poly([p- 13C]styrene-co-styrene) using DQ NMR. The position and width (\|/t
- 185° ± 15°) of the trans peak in C2H(Ph)— 13CH2— 13CH(Ph) labeled segments in
atactic poly([a+p- 13C]styrene-co-[a-2H]styrene) was determined by correlating well
defined 2H quadrupolar and 13C—13C dipolar interactions. These values agree well with
predictions based on rotational-isomeric-state models, but are inconsistent with recent
atomistic models suggesting that the conformational statistics of aPS are dominated by
intramolecular interactions rather than intermolecular interactions.
A cis:trans ratio of 40:60 with vj/c = ±15° and v|/t = 190°/170° was determined for
13 130= C
—
(Ph)— C=0 labeled segments in amorphous PET that was quenched from the
melt using experimental strong-coupling-limit DQ NMR. If the intermolecular-
correlation component is considered as a (strongly deviating) trans component, the
cis:trans ratio is reduced to 50:50 as determined by dipole moment calculations for
model compounds.
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Auxiliary NMR experiments were performed on suitably labeled aPS and PET to
provide helpful information toward determining backbone conformations. For aPS, the
CH2 chemical shift tensor orientations were determined to be similar to that of
crystalline polyethylene. The backbone bond angles were determined to be 9a = 1 1 7° ±
3° and 0p = 1 14° ± 3°) using dipolar coupling strengths. The ,3C MAS signals of 13CH2
and CH(Ph) units were separated for the first time and are useful in determining line
broadening effects. An average angular amplitude of 5°-8° was determined for the
backbone motion of aPS by examining the C—2H motion in C2H(Ph)—CH2 labeled
aPS by 2H NMR with *H decoupling. An average angular amplitude of 8° for the
C H(Ph)—CH2 bond will increase the measured torsion angle by ±4°. DQ NMR
evaluation of crystalline PET gave the expected results of 100% trans with a torsion
angle of \j/ t = 1 80° in agreement with X-ray results. Experimental powder patterns of
1
3
10% C=0 labeled amorphous PET and simulated powder patterns show that multiple
motional amplitudes of 13C=0's exist but the small-angle motion of ,3C=0's at 295 K
will not significantly affect the DQ NMR patterns taken at room temperature.
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